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Abstract

Sulfate aerosol plays an important but uncertain role in cloud formation and radiative

forcing of the climate, and is also important for acid deposition and human health. The

oxidation of SO2 to sulfate is a key reaction in determining the impact of sulfate in the

environment through its effect on aerosol size distribution and composition. This thesis

presents a laboratory investigation of sulfur isotope fractionation during SO2 oxidation by

the most important gas-phase and heterogeneous pathways occurring in the atmosphere.

The fractionation factors are then used to examine the role of sulfate formation in cloud

processing of aerosol particles during the HCCT campaign in Thuringia, central Germany.

The fractionation factor for the oxidation of SO2 by ·OH radicals was measured by

reacting SO2 gas, with a known initial isotopic composition, with ·OH radicals generated

from the photolysis of water at -25, 0, 19 and 40◦C (Chapter 2). The product sulfate and

the residual SO2 were collected as BaSO4 and the sulfur isotopic compositions measured

with the Cameca NanoSIMS 50. The measured fractionation factor for 34S/32S during

gas phase oxidation is αOH = (1.0089 ± 0.0007) − ((4 ± 5) × 10−5)T (◦C). Fractionation

during oxidation by major aqueous pathways was measured by bubbling the SO2 gas

through a solution of H2O2, and by bubbling SO2 and O3 gas through water. The total

fractionation factor for SO2 (g) →→ sulfate (aq) with O3 or H2O2 as the terminating

oxidant is αaq = (1.0167 ± 0.0019) − ((8.7 ± 3.5) × 10−5)T (◦C). Measurements at dif-

ferent pH values were used to constrain the fractionation factor for each individual step

of this oxidation pathway (Chapter 3). Phase transfer made the smallest contribution

to the total fractionation, while hydration accounted for the majority of fractionation

(αphase = 1.00256± 0.00024 and αhydration = 1.0105± 0.0037 at 19◦C). Fractionation fac-

tors were also measured in the droplet phase, and it was found that droplet microphysical

processes do not alter the fractionation factors from their values in bulk aqueous phase.

Mineral dust and sea salt both represent a large proportion of total atmospheric aerosol

loading, and play a very important role in heterogeneous SO2 oxidation, which shifts the
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size distribution of sulfate towards coarse particles, and limits H2SO4 (g) production and

new particle nucleation. Thus, oxidation pathways associated with these two aerosol types

were examined in more detail. The alkalinity of sea salt aerosols is critical for heteroge-

neous sulfate production: SO2 oxidation by ·Cl catalysis and O3 only occurs at high pH

and is thus limited by the neutralisation capacity of the aerosol, while oxidation by tran-

sition metal catalysis and by hypohalous acids can continue once aerosols are acidified.

Thus, the partitioning between these oxidation pathways is extremely important for the

extent of sulfate production in the marine boundary layer. The isotopic fractionation

factors for these pathways were measured by generating aerosol from pure water, NaOCl,

and sulfate-free sea salt solutions (Chapter 3). Oxidation by the alkalinity-limited path-

ways, O3 and ·Cl catalysis, was found to favour the heavy isotope (α34 = 1.0163± 0.0018

at low pH and α34 = 1.0199 ± 0.0024 at high pH at 19◦C) while oxidation by the non-

limited pathways, transition metal catalysis and hypohalous acids, favours the light iso-

tope (αTM−cat = 0.9905 ± 0.0031 and αOCl = 0.9882 ± 0.0036 at 19◦C). Fractionation

during oxidation in the synthetic sea salt aerosol (αseasalt = 1.0124 ± 0.0017 at 19◦C)

showed that hypohalous acids contributed 29% of total sulfate production on the short

timescale of the experiments, while O3 and ·Cl catalysis accounted for the remaining 71%,

highlighting the potential importance of the hypohalous acid pathway in the environment.

The measured fractionation factors, particularly when used in combination with the ∆17O

isotope anomaly, will allow quantification of the different sulfate production pathways in

the marine boundary layer.

Oxidation of SO2 on mineral dust aerosol, which represents the dominant mass fraction

of particulate matter in the atmosphere, can occur in the aqueous phase as leached transi-

tion metals catalyse a radical chain reaction oxidation pathway, or on the surface of dust

following SO2 chemisorption. Although the former is much faster and dominates globally,

high humidities are usually first encountered only after dust has travelled for several days,

thus surface oxidation can be regionally important in dust source regions. Sahara dust

from the Cape Verde Islands was used to examine these two oxidation pathways (Chapter

4). Aqueous phase oxidation was investigated by bubbling SO2 through leachate from the

dust, and resulted in a fractionation factor of αleachate = 0.9917±0.0046 at 19◦C. Although

this is equal to isotopic fractionation in a solution of Fe2+/Fe3+ (αFe = 0.9894± 0.0043),

the reaction in the dust leachate was several orders of magnitude faster than in the pure Fe

solution, showing that interactions between multiple metal ions are critical for oxidation

rate. Oxidation on the dust surface was examined by passing SO2 over dust mounted on

a filter under various combinations of humidity, irradiation and O3 exposure for 6-9 hours
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at 19◦C. A multivariate analysis model was used to investigate the isotopic composition

of the sulfate produced in relation to the chemical composition of the dust and the reac-

tion conditions. The overall fractionation factor for surface oxidation on Sahara dust is

αsurface = 1.0096± 0.0036. The majority of oxidation was due to iron and titanium oxides

in the dust, however the clay fraction of dust accounted for 12% of sulfate production and

had a very distinct fractionation factor of αclay = 1.085± 0.013. These fractionation fac-

tors will be very useful to understand sulfate production on mineral dust in field studies,

particularly the importance of surface vs. aqueous oxidation and the role of clay minerals.

Sulfur isotopes were measured in SO2 and H2SO4 gas and sulfate-containing particu-

late matter upwind, in-cloud and downwind of an orographic cloud during the Hill Cap

Cloud Thuringia (HCCT) campaign in central Germany in Autumn, 2010 (Chapter 5).

The sulfur isotopic composition of gas-phase sulfur was measured following precipitation

to BaSO4, while for particulate matter combined SEM and NanoSIMS analyses allowed

δ34S values to be resolved for particle size and type. The fractionation factors measured in

the laboratory were used to investigate in-cloud sulfate production and particle process-

ing, which modifies particle size and hygroscopicity and thus plays an important role in

determining the magnitude of direct and indirect aerosol radiative forcing. In contrast to

modelling studies, which predict that H2O2 is the dominant in-cloud oxidant for SO2, the

change in the isotopic composition of SO2 gas following the cloud showed that transition

metal-catalysed oxidation was the most important pathway for SO2 removal in the cloud.

The results show that this pathway is underestimated in models, which either approxi-

mate its rate with the much slower rate of Fe-catalysed oxidation or omit the pathway

entirely. Although oxidation of SO2 is responsible for the majority of sulfate production

in clouds, the single particle δ34S measurements showed that condensation of sulfuric acid

gas and coagulation of ultrafine particulate dominate sulfate addition to fine particulate,

and are therefore the most important in-cloud sulfate sources with respect to modification

of the aerosol size distribution and the magnitude of direct and indirect radiative forcing.
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Zusammenfassung

Sulfathaltiger atmosphärischer Feinstaub spielt eine große aber schwer zu quantifizierende

Rolle im Klimasystem. Sulfathaltiger Feinstaub beeinflusst die Wolkenbildung, den Strah-

lungsantrieb und damit das Klimasystem, ist für die Entstehung von saurem Regen ver-

antwortlich und kann die menschliche Gesundheit schädigen. Die Oxidation von Schwefel-

dioxid zu Sulfat ist eine wichtige Reaktion, die über die Auswirkungen des sulfathaltigen

Feinstaubs in der Umwelt entscheidet, weil sie die Größenverteilung und chemische Zusam-

mensetzung der Partikel beeinflusst. Diese Dissertation befasst sich mit der Bestimmung

der stabilen Schwefelisotopenfraktionierung während der Oxidation von Schwefeldioxid

zu Sulfat in der Gasphase und auf flüssigen oder festen Feinstaubpartikeln. Die neu bes-

timmten Isotopenfraktionierungskonstanten wurden verwendet um die Sulfat Neubildung

in Feinstaubpartikeln während des Durchgangs durch eine orographische Wolke, als Teil

des “Hill Cap Cloud Thuringia” HCCT Experiments, in Thüringen in Mitteldeutschland

zu untersuchen.

Die stabile Schwefelisotopenfraktionierung für die Oxidation von SO2 durch das ·OH

Radikal wurde bestimmt, indem Schwefeldioxid mit einer bekannten Isotopenzusammenset-

zung in einem Durchflussreaktor ·OH Radikalen ausgesetzt wurde. Die ·OH Radikale wur-

den durch die Photolyse von Wasserdampf generiert und die Reaktion wurde bei Tempera-

turen von -25◦C, 0◦C, 19◦C und 40◦C durchgeführt (Kapitel 2). Am Ausgang des Reaktors

wurden das Produkt, Sulfat, und das verbliebene Edukt, Schwefeldioxid, gesammelt und

zu BaSO4 umgefällt. Die stabile Schwefelisotopenzusammensetzung von beiden wurde

mittels Cameca NanoSIMS 50 bestimmt. Die Schwefelisotopenfraktionierungskonstante

für das 34S/32S-Verhältnis während der Oxidation von Schwefeldioxid in der Gasphase ist

αOH = (1.0089±0.0007)− ((4±5)×10−5)T (◦C). Die stabile Isotopenfraktionierungskon-

stante der wichtigsten Oxidationswege in der Flüssigphase wurde bestimmt, indem SO2

(g) durch eine flüssige Lösung mit H2O2 geblubbert wurde, und indem SO2 (g) und O3 (g)

gemeinsam durch Wasser geblubbert wurden. Die stabile Schwefelisotopenfraktionierung

für die Reaktion SO2 (g) →→ Sulfat (aq) ist unabhängig vom Oxidationsmittel (O3 oder
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H2O2) αaq = (1.0167 ± 0.0019) − ((8.7 ± 3.5) × 10−5)T (◦C) (Kapitel 2). Messungen in

Lösungen mit unterschiedlichem pH Wert wurden genutzt, um die stabile Isotopenfrak-

tionierung während der einzelnen Reaktionen dieser Umwandlung zu bestimmen (Kapitel

3). Der Beitrag des Phasenübergangs war am kleinsten, während die Hydratation für

den größten Teil der Fraktionierung verantwortlich ist (αphase = 1.00256 ± 0.00024 und

αhydration = 1.0105±0.0037, bei 19◦C). Außerdem wurde die stabile Schwefelisotopenfrak-

tionierung auch für einzelne Tropfen anstatt für eine Bulklösung bestimmt. Die Ergeb-

nisse zeigen, dass mikrophysikalische Prozesse in Tropfen die Isotopenfraktionierung nicht

beeinflussen.

Mineralstaub und Seesalz stellen nicht nur den größten Masseanteil des Feinstaubs in

der Atmosphäre, sie spielen auch eine wichtige Rolle für die heterogene Oxidation von

SO2 auf der Oberfläche von Feinstaubpartikeln, die die Größenverteilung des Sulfats in

Richtung größerer Partikel verschiebt und die Neubildung von gasförmiger Schwefelsäure

unterdrückt und damit sowohl die Partikelneubildung als auch die Entstehung von saurem

Regen einschränkt. Aus diesem Grund wurde die Oxidation von Schwefeldioxid auf diesen

beiden Feinstaubarten genauer untersucht. Die Alkalinität von Seesalzaerosol ist für die

Sulfat Neubildung besonders wichtig: SO2 Oxidation katalysiert durch das ·Cl Radikal

und Oxidation durch O3 kann nur bei hohen pH Werten effizient stattfinden und ist

deshalb durch die Neutralisationsfähigkeit des Seesalzes begrenzt. Die Oxidation, welche

durch Metalle der Übergangsgruppe katalysiert wird, und die Oxidation durch HOCl, sind

unabhängig vom pH Wert und können daher weiter stattfinden, auch wenn der Feinstaub

bereits säurehaltig ist. Die Aufteilung zwischen pH limitierten und nicht pH limitierten

Reaktionswegen ist daher sehr wichtig, um abzuschätzen, wie viel Sulfat insgesamt in der

marinen Grenzschicht produziert wird. Die stabilen Schwefelisotopenfraktionierungskon-

stanten für diese Reaktionen wurden bestimmt, indem Aerosol aus Wasser, NaOCl und

sulfatfreier Seesalzlösung hergestellt wurde, und eine Reaktion mit SO2 mit bekannter

Isotopenzusammensetzung in einem Aerosolflussreaktor durchgeführt wurde (Kapitel 3).

Oxidation durch die pH limitierten Reaktionswege (durch O3 und die ·Cl Katalyse) rei-

chern das schwerere Isotop im Produkt an (α34 = 1.0163 ± 0.0018 bei niedrigen pH

Werten und α34 = 1.0199 ± 0.0024 bei hohen pH Werten, bei 19◦C) während nicht pH

limitierte Reaktionswege (Übergangsmetalle und HOCl) das leichtere Isotop im Produkt

anreichern (αTM−Kat = 0.9905± 0.0031 und αOCl = 0.9882± 0.0036, bei 19◦C). Die Frak-

tionierung auf synthetischem Seesalzaerosol (αSeesalz = 1.0124 ± 0.0017 bei 19◦C) zeigt,

dass HOCl, trotz der kurzen Dauer des Experiments, ungefähr 19% zur gesamten Sulfat-

neubildung beiträgt. Dies unterstreicht die potentielle Bedeutung dieses Reaktionswegs
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in der Umwelt, wenn die Reaktion über längere Zeit fortschreitet nachdem die Feinstaub-

partikel bereits angesäuert sind. Wenn die Messung der stabilen Schwefelisotopen in den

verschiedenen schwefelhaltigen Komponenten der Atmosphäre (SO2 (g), H2SO4 (g) und

Feinstaubpartikel) mit der Bestimmung der ∆17O Werte der Feinstaubpartikel kombiniert

wird, ist es möglich, den relativen Beitrag aller Reaktionswege, die in der Atmosphäre zur

Sulfatbildung beitragen können, einzuschränken.

Mineralstaub stellt insgesamt den größten Masseanteil des Feinstaubs in der Atmo-

sphäre. Oxidation von SO2 auf Mineralstaub kann in einer Flüssigphase stattfinden, wenn

Übergangsmetallionen, welche aus den Staubpartikeln ausgelaugt werden, eine Radikalket-

tenreaktion einleiten. Auch auf der Oberfläche von trockenen Staubpartikeln kann eine

Oxidation als Folgereaktion von Chemisorption von SO2 auf der Stauboberfläche statt-

finden. Obwohl die erstgenannte Reaktion um vieles schneller ist und global dominiert,

wirkt Mineralstaub in der Regel erst mehrere Tage nach seiner Emission als Wolkenkon-

densationskeim. Deshalb kann die Oxidation auf der Oberfläche des trockenen Staubes

gerade in den Quellgebieten des Mineralstaubes sehr wichtig sein. Um die stabile Schwe-

felisotopenfraktionierung während der Oxidation auf trockenem Mineralstaub zu unter-

suchen, wurde Mineralstaub aus der Sahara auf den Cap Verde Inseln gesammelt und

in einem modifizierten Knudsen Reaktor SO2 mit bekannter Isotopenzusammensetzung

ausgesetzt (Kapitel 4). Die Oxidation in der Flüssigphase wurde untersucht, indem der

Staub mit MilliQ-Wasser ausgelaugt wurde und dann SO2 mit bekannter Schwefeliso-

topenzusammensetzung durch diese Lösung geblubbert wurde. Die Schwefelisotopenfrak-

tionierung betrug αleachate = 0.9917 ± 0.0046 bei 19◦C und war damit im Rahmen des

Messfehlers identisch mit der Fraktionierung in Fe2+/Fe3+-Lösung (αFe = 0.9894±0.0043).

Die Reaktion in der Laugungslösung war mehrere Größenordnungen schneller als die in

der reinen Eisenlösung, was zeigt, dass das Zusammenwirken mehrerer Metallionen die

Reaktionsgeschwindigkeit entscheidend beeinflusst. Die Oxidation auf der Oberfläche von

Mineralstaubpartikeln wurde untersucht, indem SO2 bei 19◦C unter verschiedenen experi-

mentellen Bedingungen (z.B. mit und ohne Bestrahlung, O3 und 40% relative Luftfeuchte)

über einen Filter mit Mineralstaubpartikeln geführt wurde. Ein multivariates Modell

wurde benutzt, um den Einfluss der chemischen Zusammensetzung des Mineralstaubs und

der verschiedenen Reaktionsbedingungen auf die stabile Schwefelisotopenzusammenset-

zung des produzierten Sulfats zu untersuchen. Der Mittelwert für die Schwefelisotopen-

fraktionierung auf trockenem Saharastaub betrug αsurface = 1.0096 ± 0.0036. Der größte

Teil der Oxidation erfolgte auf Eisen- und Titanoxiden. Nur die Tonmineralfraktion

(12% der Oxidation) produzierte eine Schwefelisotopenfraktionierung, die es erlaubt, den
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Beitrag dieser Fraktion unter atmosphärischen Bedingungen vom Beitrag anderer Reak-

tionen zu unterscheiden (αclay = 1.085± 0.013). Die in dieser Arbeit bestimmten Schwe-

felisotopenfraktionierungskonstanten erlauben unter atmosphärischen Bedingungen ins-

besondere den Beitrag der Oxidation in Mineralstaublauge in der Flüssigphase und die

Rolle der Reaktion auf Tonmineralen einzugrenzen.

Während des HCCT Experiments in Thüringen im Herbst 2010 wurden die sta-

bilen Schwefelisotope in SO2 (g), H2SO4 (g) und die schwefelhaltigen Feinstaubpartikel

in ein und derselben Luftmasse untersucht, bevor, während und nachdem sich diese

Luftmasse in einer orographischen Wolke aufhielt (Kapitel 5). Die Schwefelisotopen-

verhältnisse des gasförmigen Schwefels wurden gemessen, nachdem dieser als BaSO4 aus-

gefällt wurde. Bei den Feinstaubpartikeln erlaubte eine Kombination von rasterelektro-

nenmikroskopischen Untersuchungen und NanoSIMS Analysen die gemessenen Schwefel-

isotopenverhältnisse einzelner Partikelgruppen in Größen und Typen einzuordnen. Die

gemessenen Werte wurden mit den im Labor bestimmten Isotopenfraktionierungskon-

stanten für die unterschiedlichen Oxidationswege verglichen. Dies erlaubt die Sulfat-

neubildung und Partikelumwandlungen innerhalb der Wolke und deren Einfluss auf die

Partikelgrößenverteilung und Hygroskopizität zu untersuchen. Beide Faktoren sind sehr

wichtig, um den direkten und indirekten Effekt von Aerosolen auf die Klimabilanz ein-

zuschränken. Im Gegensatz zu den derzeit genutzten Atmosphären-Chemie-Modellen, die

voraussagen, dass H2O2 die Oxidation von Schwefeldioxid in Wolken dominiert, zeigen

die in diesem Kapitel präsentierten Ergebnisse, dass die Oxidation durch Metalle der

Übergangsgruppe die Umwandlung von Schwefeldioxid zu Sulfat innerhalb der Wolke

dominiert. Die Ergebnisse zeigen, dass die Bedeutung dieses Oxidationsweges global

unterschätzt wird, weil Modelle die Geschwindigkeit dieser Reaktion entweder mit der

Geschwindigkeit der Reaktion in reiner Eisenlösung annähern, oder diese Reaktion über-

haupt nicht berücksichtigen. Obwohl die Oxidation von SO2 für den Großteil der Sulfat-

neubildung innerhalb der Wolke verantwortlich ist, zeigen die Einzelpartikelmessungen,

dass die Kondensation von gasförmiger Schwefelsäure und die Koagulation mit ultra-

feinen Partikeln hauptverantwortlich für die Sulfatneubildung in Partikeln des Akku-

mulationsmodus sind. Diese beiden Sulfatquellen beeinflussen deshalb maßgeblich die

Veränderungen der Größenverteilung und die chemische Zusammensetzung von Feinstaub-

partikeln innerhalb von Wolken, und in weiterer Folge die Klimabilanz von Feinstaub.
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Chapter 1

Introduction

Sulfate and sulfur dioxide play an important role in radiative forcing of the climate through

their effect on aerosols, and are also important for acid deposition, human health, and

heterogeneous chemical reactions. The majority of anthropogenic sulfur is released di-

rectly as SO2, and a significant fraction of biogenic and natural sulfur (e.g. OCS, DMS)

is also either directly released as SO2 or oxidised to SO2 in the atmosphere (Berresheim

et al., 2002; Seinfeld and Pandis, 1998). Around 50% of global atmospheric sulfur dioxide

is then oxidised to sulfate, while the rest is lost through dry and wet deposition (Chin

et al., 1996, 2000). Sea salt is the only major source of primary sulfate to the atmosphere.

The pathway by which SO2 is oxidised to sulfate is critical in determining the radiative

and environmental effects of sulfate. While results are able to show with a moderately

high level of confidence that sulfate aerosols are responsible for cooling that has partially

counteracted the effects of Greenhouse gas warming (Denman, 2007), the magnitude and

expected future changes in indirect and direct sulfate aerosol forcing remain one of the

largest uncertainties associated with assessments of climate change (Solomon, 2007). This

thesis explores the use of sulfur isotopes to understand SO2 oxidation in the atmosphere,

in order to improve our understanding of the sulfur cycle and its effect on the environment

and climate.

1.1 The sulfur cycle

Sulfur is released into the atmosphere from a wide variety of emission sources (Table

1.1). Although the uncertainty in estimates is high, non-sea salt sulfur emissions are

clearly dominated by anthropogenic and volcanic SO2 and oceanic DMS. After release,

sulfur compounds tend to become oxidised (Seinfeld and Pandis, 1998). The yield of SO2
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Table 1.1: Global sulfur emissions in Tg(S) yr−1, adapted from Seinfeld and Pandis

(1998).

H2S DMS CS2 OCS SO2 Sulfate Total

Anthropogenic 0.08 72-8 2.3 73-80

Marine <0.3 15-25 0.08 0.08 40-320 55-345

Volcanic 0.5-1.5 0.01 7-8 2-4 9-12

Other natural sources 0.2-1.6 0.05-0.8 0.02-0.05 2-4 0.3-3

Total 98-120

from DMS oxidation is 50-90% (Faloona, 2009; Faloona et al., 2009; Shon et al., 2001).

Slightly more than 50% of atmospheric SO2 is oxidised to form sulfate (Koch et al., 1999;

Liao et al., 2003). The oxidation of SO2 to sulfate follows several major pathways in the

atmosphere. ∼20% of sulfate is produced in the gas phase from the reaction of SO2 with

·OH radicals (Tanaka et al., 1994; Berglen et al., 2004):

SO2 + ·OH + M→ ·HOSO2 + M (1.1)

·HOSO2 + O2 → SO3 + HO2 (1.2)

SO3 + H2O→ H2SO4 (1.3)

The majority of oxidation occurs in the aqueous phase following the dissolution of SO2

(Eriksen, 1972a):

SO2(g) 
 SO2(aq) (1.4)

SO2(aq) + H2O 
 HSO−
3 + H+ (1.5)

HSO−
3 + H+ 
 H2SO3 (1.6)

HSO−
3 
 SO2−

3 + H+ (1.7)

2HSO−
3 
 H2O + S2O2−

5 (1.8)

Equation 1.6 has a pKa of 1.77 and Equation 1.7 has a pKa of 7.19 (Moore et al., 2005).

Following dissolution, S(IV) is primarily oxidised by H2O2, O3, and O2 catalysed by

transition metals such as Fe and Mn, while other oxidants such as hypohalous acids,

HO2NO2, and catalysis by ·Cl radicals are important in certain environments (Hoppel and

Caffrey, 2005; von Glasow, 2006; Tsai et al., 2010). Sulfur dioxide can also be directly

oxidised on the surface of particles such as mineral dust (Dentener et al., 1996).

The environmental and climatic effect of sulfate depends strongly on the formation

pathway. Gas-phase oxidation produces gaseous H2SO4 which can nucleate to form new

2



1. Introduction

particles. Nucleation is not well understood, and field and laboratory studies suggest

other products of the reaction between SO2 and ·OH (Berndt et al., 2008; Laaksonen

et al., 2008) or other chemical species such as NH3 and ions (Maekelae et al., 1997; Eisele

et al., 2006; Iida et al., 2006) may play a role in nucleation. Nucleation events can cover

a local or a regional scale, and typically increase particle concentrations by a factor of

between 2 and 10 (Kulmala et al., 2004). The nucleation rate J3nm is usually 0.01 - 10 cm−3

s−1 but it can reach 100 cm−3 s−1 in urban areas and 104 - 105 cm−3 s−1 in coastal areas

or industrial plumes (Kulmala et al., 2004). Newly formed particles grow throughout the

day at rates of 1 - 20 nm hr−1 and may grow large enough to act as cloud condensation

nuclei (CCN) before being lost through coagulation (Kulmala, 2003). Heterogeneous

and aqueous oxidation of SO2 does not lead to the production of new particles, as the

sulfate produced is added to pre-existing particles. Sulfate addition increases the size,

hygroscopicity and acidity of these particles, which has important effects on climate and

the environment, in particular by increasing CCN activity and altering direct scattering

efficiency. The following section focusses on the climatic effects of sulfate.

1.2 Aerosol radiative forcing

This section presents a discussion of aerosol radiative forcing, and how the magnitude and

expected future changes in sulfate aerosol cooling are dependent on partitioning between

sulfate formation pathways. The magnitude of past and current aerosol radiative forcing

and the direction of future changes contributes the largest uncertainty in current estimates

of climate change, as shown in Figure 1.1 (Solomon et al., 2007), although results are able

to show with a moderately high level of confidence that sulfate aerosols are responsible for

cooling that has partially counteracted the effects of Greenhouse gas warming (Denman,

2007).

The direct aerosol effect refers to the direct scattering of solar radiation back to space

by aerosol particles, and results in a cooling of -0.3 to -1.0 W m−2 (Jones et al., 1994;

Boucher and Lohmann, 1995). Scattering is most efficient for particles with sizes equal

to the wavelength range of visible light, ie. the size range 0.3 - 0.8 µm. Ultrafine particu-

late produced from nucleation following homogeneous oxidation is too small for efficient

scattering, therefore sulfate produced by heterogeneous oxidation pathways makes the

greatest contribution to direct aerosol cooling (Yuskiewicz et al., 1999; Hegg et al., 2004).

The magnitude of the indirect effect is -1 W m−2 (Jones et al., 1994; Boucher and

Lohmann, 1995), although the uncertainty in this estimate is much greater than uncer-

3
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Figure 1.1: Global mean radiative forcings from different agents and mecha-

nisms. The level of scientific understanding depends on both the evidence for the forcing

and the level of consensus among forcing estimates. From Solomon et al. (2007).

tainty in the magnitude of direct radiative forcing. The first indirect effect, also known

as the “Twomey effect”, describes the increase in cloud albedo that results from having a

larger number of CCN due to anthropogenic pollution emissions. If the liquid water con-

tent (LWC) is the same, the perturbed cloud has smaller, more numerous cloud droplets

than the unperturbed cloud, and thus a higher albedo (Twomey, 1974, 1991). Sulfate

produced by both gas-phase and heterogeneous pathways affects the CCN number con-

centration: New particles formed from H2SO4 (g) can grow by condensation of organics

to a sufficient size to act as CCN, and sulfate produced on pre-existing particles increases

both their hygroscopicity and size, making them more efficient CCN (Hegg, 1994). The

increase in cloud droplet number concentration (CDNC) resulting from increased CCN

concentration leads to the second indirect effect, whereby cooling is enhanced through re-

duced drizzle, increased cloud thickness, and longer cloud lifetimes (Albrecht, 1989; Pincus

and Baker, 1994). The semi-direct effect can somewhat offset aerosol cooling, when dark,

absorbing aerosols such as soot heat clouds, leading to evaporation and reduced cloud

lifetime (Ackerman et al., 2000).
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1. Introduction

The various mechanisms of aerosol radiative forcing are summarised in Figure 1.2

(Solomon et al., 2007). The complexity of aerosol forcing mechanisms causes the rela-

tionship between SO2 emissions and sulfate aerosol cooling to be highly non-linear and

strongly dependent on the oxidation pathway by which sulfate is produced. The par-

titioning between oxidation pathways is not well understood, as it is dependent on the

availability of oxidants, the SO2 concentration, the relative humidity or cloud LWC, and

the pH of the aqueous phase, which can vary with aerosol size and composition within

a single aerosol population. In order to improve our understanding of aerosol radiative

forcing and reduce uncertainty in climate change assessments, a greater understanding

of partitioning between SO2 oxidation pathways in different meteorological and chemical

regimes is needed.

1.3 Sulfur isotopes in the environment

Sulfur has four naturally-occurring stable isotopes: 32S, 33S, 34S and 36S. The isotopic

composition of a sample is described by the delta notation, which is the permil deviation

of the ratio of a heavy isotope to the most abundant isotope (32S) in the sample, compared

to a standard ratio:

δxS (‰) = [
( n(xS)
n(32S)

)sample

( n(xS)
n(32S)

)V−CDT

− 1]× 1000 (1.9)

where n is the number of atoms, xS is one of the heavy isotopes, 33S, 34S or 36S, and V-

CDT is the international sulfur isotope standard, Vienna Canyon Diablo Troilite, which

has isotopic ratios of 34S/32S = 0.044163 and 33S/32S = 0.007877 (Ding et al., 2001).

The isotopic compositions of many major sulfur sources are well-constrained, and

these are summarised in Figure 1.3. Sea salt sulfate and marine biogenic SO2 (from

DMS) are isotopically heavy, with δ34S values of 21‰ and 14-22‰ respectively (Rees

et al., 1978; Calhoun et al., 1991; Sanusi et al., 2006). Volcanic SO2 emissions typically

have an isotopic composition of δ34S = 0-5‰. Geological sulfate, for example present in

freshly-emitted mineral dust, has a sulfur isotopic composition of between 10 and 30‰
(Strauss, 1997). Anthropogenic SO2 commonly has a δ34S between -5 and 7‰ (Krouse

et al., 1991; Nielsen et al., 1991), although values can vary widely on a global scale and are

also affected by process technology such as flue gas desulfurization (Derda et al., 2007).

SO2 from biological sources is generally isotopically lighter than all other sources (Novak

et al., 2001; Norman et al., 1999).

Isotopic composition changes during chemical reactions, depending on the relative

6
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2520-10 -5 0 5 10 15

Sea salt sulfate

Marine biogenic SO2

Volcanic SO2

Anthropogenic SO2

Biogenic SO2

δ34S (‰)
30

Geological sulfate (mineral dust)

Figure 1.3: Sulfur isotopic composition of major atmospheric sources. Color

gradients represent the normal range of variation. δ34S values are from: sea salt, Rees et al.

1978; marine biogenic, Calhoun et al. 1991; Sanusi et al. 2006; volcanic, anthropogenic,

Krouse et al. 1991; Nielsen et al. 1991; biogenic, Novak et al. 2001; Norman et al. 1999;

geological, Strauss 1997.

reaction rates of the different isotopes. The relative reactions rates of the different isotopes

are described by the kinetic fractionation factor α, which is represented by the ratio of

the heavy to light isotope amounts in the instantaneously-formed product, divided by the

ratio in the reactant:

α34 =
(n(34S)
n(32S)

)products

(n(34S)
n(32S)

)reactants

(1.10)

Values of α are characteristic for different reactions, such as the different SO2 oxidation

pathways. Seasonality and regional variations in isotopic composition are seen during

field studies, reflecting both changing sources and the partitioning between SO2 oxidation

pathways. Measuring sulfur isotope ratios in ambient SO2 and sulfate is therefore an ideal

way to quantify partitioning between oxidation pathways, and to investigate how sulfate

production varies across different regions and seasons. However, this relies on an accurate

knowledge of the isotopic fractionation produced by the different pathways.

The fractionation factor for SO2 oxidation in the aqueous phase has only been mea-

sured for SO2 (g) 
 S(IV) (aq), and measured values of the overall fractionation factor

at 25◦C range from α34 = 1.0103 to 1.0173 with temperature dependencies from neg-

ligible to 0.14‰ ◦C−1 (Eriksen 1972a,d and Egiazarov et al. 1971 respectively). The

effect of the terminating oxidant, ionic strength and pH on isotopic fractionation have

not been investigated in previous laboratory studies. The fractionation factor for oxida-

tion in the gas phase has not previously been measured, but it has been estimated to

7
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be α34 = 0.991 from ab initio calculations (Tanaka et al., 1994) and α34 = 1.14 from

RRKM theory (Leung et al., 2001). As the range between these estimates is larger than

the range of sulfur isotope compositions observed in atmospheric samples (Figure 1.3),

these values are not useful for interpreting ambient measurements. Seasonality in sulfur

isotopic composition and measured differences between δ34SSO2 and δ34Ssulfate in ambient

samples have been proposed as a way to infer fractionation during the major oxidation

pathways, however results are inconclusive due to factors such as seasonality in sources,

temperature-dependence of fractionation factors, and the effect of transport and mixing

on δ34S (discussed futher in Section 2.4.3). The aim of this thesis is to measure the sulfur

isotope fractionation for the major atmospheric oxidation pathways for SO2, and to in-

vestigate the effect of different heterogeneous surfaces (sea salt and mineral dust) and pH

on isotope fractionation. The measured fractionation factors are then used to understand

the sulfur cycle occurring in orographic clouds during the HCCT campaign.

1.4 Thesis outline

The second chapter of this thesis (published as Harris et al. 2012b) presents measure-

ments of sulfur isotopic fractionation during the major oxidation pathways: Oxidation

in the aqueous phase by O3, H2O2 and O2 catalysed by a radical chain reaction path-

way, and oxidation in the gas phase by ·OH radicals. The results presented in Chapter

2 provide characteristic fractionation factors for these oxidation pathways under labora-

tory conditions, however, atmospheric reactions occur in complex heterogeneous systems

with varying pH and chemical composition. Chapters 3 and 4 therefore consider isotope

fractionation during SO2 oxidation on the two most important heterogeneous reaction

surfaces, sea salt aerosol and mineral dust. Chapter 3, published as Harris et al. (2012c),

presents experiments relating to oxidation on sea salt aerosol in the marine boundary

layer. As sea salt aerosol is alkaline, experiments were carried out at different pHs allow

the isotope fractionation factors for each step from SO2 (g)→→ SO2−
3 (aq) to be isolated.

The fractionation factors for oxidants specific to the marine boundary layer - HOCl and

·Cl catalysis - are presented, and isotope fractionation during oxidation in synthetic sea

salt aerosol highlights the potential importance of the HOCl oxidation pathway. Chapter

4 considers oxidation in the aqueous phase in mineral dust leachate and on the surface

of mineral dust at subsaturated relative humidity (published as Harris et al. 2012a). A

multivariate analysis model is used to unravel the contribution of different minerals to

the overall sulfate production and isotope fractionation on the dust surface.

8
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The importance of the measured fractionation factors for interpreting field results is

shown in Chapter 5, which presents measurements from the Hill Cap Cloud Thuringia

Campaign (Harris et al., 2012d). The aim of the campaign was to investigate the chemical

and physical processes occurring as an air parcel passed through an orographic cloud.

Sulfur isotope measurements were used to determine the major SO2 removal pathways

in three cloud events, and to examine which sulfate sources and formation pathways

were responsible for adding sulfate to the different particle classes observed in the cloud:

fine and coarse secondary organic aerosol droplets containing inorganic salts, coated soot

particles, and mineral dust. The results from the HCCT campaign demonstrate the

use of the newly-measured fractionation factors in understanding atmospheric sulfate

production, and illustrate the potential of sulfur isotope measurements for improving our

understanding of the sulfur cycle and how it varies globally across different meteorological

and chemical regimes.

9
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Chapter 2

Sulfur isotope fractionation during

oxidation of sulfur dioxide:

Gas-phase oxidation by ·OH radicals

and aqueous oxidation by H2O2, O3

and iron catalysis

This chapter is published as Harris, E., Sinha, B., Hoppe, P., Crowley, J.N., Ono, S.,

and Foley, S. (2012) Atmospheric Chemistry and Physics, 12, 407-423, doi:10.5194/acp-

12-407-2012

2.1 Introduction

Sulfate and sulfur dioxide play an important role in environmental chemistry and climate

through their effect on aerosols. The majority of anthropogenic sulfur is released directly

as SO2, and a significant fraction of biogenic and natural sulfur (e.g. OCS, DMS) is also

either directly released as SO2 or oxidised to SO2 in the atmosphere (Berresheim et al.,

2002; Seinfeld and Pandis, 1998). Around 50% of global atmospheric sulfur dioxide is

then oxidised to sulfate, while the rest is lost through dry and wet deposition (Chin et al.,

1996). The oxidation pathway – heterogeneous or homogeneous – is an important factor,

because it determines the effect that sulfate will have on the environment.

Homogeneous oxidation in the gas phase by ·OH radicals follows several steps (Tanaka

11
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et al., 1994):

SO2 + ·OH + M→ ·HOSO2 + M (2.1)

·HOSO2 + O2 → SO3 + HO2 (2.2)

SO3 + H2O→ H2SO4 (2.3)

The product is sulfuric acid, which can stick to the surface of existing particles or nucleate

to form new particles in the atmosphere (Benson et al., 2008; Kulmala et al., 2004). These

new particles have a direct radiative effect and may also grow to act as cloud condensation

nuclei (CCN).

Heterogeneous oxidation acts upon S(IV) in solution or on particle surfaces. The major

oxidants are H2O2, O3 and O2, the latter being catalysed by Fe3+ and other transition

metal ions in a radical chain reaction pathway (Herrmann et al., 2000). The dissolution

of SO2 before oxidation follows several steps (Eriksen, 1972a):

SO2(g) 
 SO2(aq) (2.4)

SO2(aq) + H2O 
 HSO−
3 + H+ (2.5)

HSO−
3 + H+ 
 H2SO3 (2.6)

HSO−
3 
 SO2−

3 + H+ (2.7)

2HSO−
3 
 H2O + S2O2−

5 (2.8)

Equation 2.6 has a pKa of 1.77 and Equation 2.7 has a pKa of 7.19 (Moore et al., 2005).

Oxidation by H2O2 is not significantly dependent on pH within normal atmospheric pH

ranges (pH = 2–7), while oxidation by transition metal catalysis and O3 becomes faster as

pH increases (Seinfeld and Pandis, 1998). Heterogeneous oxidation produces sulfate on

the surface of particles or in droplets, changing their CCN activity and lifetime through

growth and increased hygroscopicity (Bower and Choularton, 1993; Mertes et al., 2005b).

Thus, a comprehensive knowledge of the oxidation and removal of SO2 and sulfate is

key to understanding and modelling aerosol and cloud formation and processes and their

effects on past and future climate.

Aerosol direct and indirect effects continue to contribute the largest uncertainty to

estimates of anthropogenic global mean radiative forcing (Solomon et al., 2007). Global

emissions of anthropogenic sulfur in Europe and North America have decreased signifi-

cantly in the past few decades, however as Asian sulfur emissions are increasing due to

energy demand and coal use, and are not expected to decrease until at least 2020 (Solomon

12
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et al., 2007), anthropogenic emissions are likely to remain the major global source of non-

sea salt sulfate (Chin et al., 1996; Seinfeld and Pandis, 1998). Understanding the sulfur

cycle is therefore necessary to reduce the uncertainty in aerosol forcing estimates.

This study presents measurements of stable sulfur isotope fractionation during gas-

phase oxidation by the ·OH radical and oxidation in the aqueous phase with H2O2, O3

and iron catalysis as terminating reactions. These reactions are considered to be the most

important sulfur dioxide oxidation pathways on a global scale. We demonstrate that stable

sulfur isotope ratios can be used to investigate partitioning between atmospheric sulfur

oxidation pathways and are particularly useful to estimate the importance of radical chain

reactions for the atmospheric sulfur cycle. Differentiating between gas-phase oxidation by

the ·OH radical and oxidation in the aqueous phase by H2O2 or O3 will only be possible

if stable sulfur isotope analysis is combined with measurements of the oxygen isotope

anomaly ∆17O.

2.2 Sulfur isotopes in the environment

The isotopic composition of sulfur in the environment reflects its sources, transport and

chemistry, so measurements of stable sulfur isotopes can be effectively used to constrain

the sulfur cycle. Sulfur has four naturally-occurring stable isotopes: 32S, 33S, 34S and 36S.

The isotopic composition of a sulfur sample is described with the delta notation, which

is the permil deviation of the ratio of a heavy isotope to the most abundant isotope (32S)

in the sample compared to a standard ratio:

δxS (‰) = [
( n(xS)
n(32S)

)sample

( n(xS)
n(32S)

)V−CDT

− 1]× 1000 (2.9)

where n is the number of atoms, xS is one of the heavy isotopes, 33S, 34S or 36S, and V-

CDT is the international sulfur isotope standard, Vienna Canyon Diablo Troilite, which

has isotopic ratios of 34S/32S = 0.044163 and 33S/32S = 0.007877 (Ding et al., 2001).

Chemical reactions, for example the oxidation of SO2 to sulfate, cause fractionation

of isotope ratios between reactants and products as long as the reaction does not go to

completion. The fractionation may be due to equilibrium or kinetic discrimination, and

is represented by the fractionation factor α. For an irreversible reaction, fractionation is

kinetic and α is the ratio of the rate constants: α = kx/k32. When the reactant is present

as an infinite reservoir and not affected by the reaction, α34 can be calculated from the

isotopic compositions of products and reactants:

α34 =
Rproducts

Rreactants

(2.10)

13
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where R =
34S
32S

. Thus, α>1 indicates that the heavy isotopes react faster than the light

isotopes. The permil differences between reactants and products with regards to α and

reaction extent in a closed system are described by the Rayleigh laws (Mariotti et al.,

1981; Krouse and Grinenko, 1991), which are discussed in Sections 2.3.2 and 2.4.1. Thus,

isotopic fractionation can not only distinguish between reactions: For known irreversible

reactions in a closed system, the isotopic fractionation can provide quantitative informa-

tion about how far the reaction has gone to completion.

The isotopic composition of many major sources of atmospheric sulfur have been mea-

sured (e.g., Rees et al., 1978; Krouse et al., 1991; Nielsen et al., 1991; Sanusi et al., 2006).

The isotopic composition of anthropogenic sources is highly variable on a global scale,

though individual sources are often well constrained. The isotopic composition of indus-

trial emissions is also affected by process technology such as the flue gas desulfurization

unit of an industrial plant (Derda et al., 2007). However, for field studies measuring the

isotopic composition of both ambient SO2 and sulfate, the major limitation to interpreting

atmospheric isotope measurements is the lack of laboratory studies of the isotopic frac-

tionation factors involved in the most common atmospheric reactions of sulfur (Tanaka

et al., 1994; Novak et al., 2001; Tichomirowa et al., 2007). For heterogeneous oxida-

tion, equilibrium fractionation of 34S/32S during the uptake of SO2 into solution and the

subsequent acid-base equilibria has been measured in several studies. The results range

between αhet = 1.010 and 1.017 at 25 ◦C (Egiazarov et al., 1971; Eriksen, 1972a). So far,

the isotopic effect of the terminating oxidation of S(IV) to S(VI) has not been investigated.

The kinetic fractionation during homogeneous gas-phase oxidation of SO2 by ·OH

radicals has been estimated to be αhom = 0.991 by ab initio calculations (Tanaka et al.,

1994) or to be αhom = 1.14 by RRKM theory (Leung et al., 2001). The discrepancy

between these two estimates is larger than the measured variation in atmospheric sulfur

samples (Norman et al., 2006). Several atmospheric studies have also tried to infer the

fractionation during this reaction. Seasonality in data, with lower δ34S values measured in

summer, could show that the gas-phase fractionation factor is less than the heterogeneous

fractionation factor and probably less than 1 (Saltzman et al., 1983; Sinha et al., 2008a).

However, seasonality may also be explained by changing sources or the temperature-

dependence of fractionation factors (Caron et al., 1986; Novak et al., 2001; Ohizumi et al.,

1997). The study of ∆17O of sulfate trapped in ice cores showed that the ratio of gas-

phase to aqueous-phase oxidation was higher and the δ34S was lower during the last glacial

maximum than the preceeding and subsequent interglacials (Alexander et al., 2002, 2003).

The authors suggest isotopic fractionation progressively affects the SO2 reservoir during
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transport as the sulfate is removed quickly, thus the data would show that αhom>αhet.

However, this progressive depletion in the reservoir signature has not been explicitly

modelled and compared with measurements, so the isotopic composition in the ice-core

could be directly representative of the oxidation and show that αhom<αhet. Therefore,

the goal of this study is to determine sulfur isotope fractionation factors for the main

oxidation pathways of SO2 to facilitate the use of sulfur isotopes in understanding the

atmospheric sulfur cycle.

2.3 Experimental

2.3.1 Apparatus

The reaction system used to investigate the oxidation of SO2 is shown in Figure 2.1.

The reactors were made of glass and their internal surfaces were coated with FEP 121a

(Dupont) to minimise wall loss of H2SO4. PFA tubing and connectors were used for gas

transfer between experimental components. Pressure was monitored with a capacitance

manometer. The reactor had a thermostatted jacket connected to a circulating cooler

(Julabo Labortechnik GmbH, Model F81-HL) to regulate temperature. The actual gas-

phase reaction temperature was calibrated to the set temperature of the Julabo instrument

with a PT-100 Ω resistance sensor fitted into the glass reactor. The flows of all gases to

the reactor were controlled using mass flow controllers referenced to standard conditions

of temperature and pressure for N2 (Ts = 273.15 K, Ps = 1013.25 mBar) (MKS Instruments

Deutschland GmbH, uncertainty = 0.5% of reading plus 0.2% of full scale), and flows and

leaks were checked regularly with a Gilibrator (Sensidyne, uncertainty < 1% of reading).

SO2 gas (Westfalen AG, Linde AG, both 102 ppm ± 2% in synthetic air) was diluted

with synthetic air (Westfalen AG, 20.5% O2 in N2) to the desired concentration before it

entered the reactor. The outflow from the reactor passed through the H2SO4 glass and

SO2 bubbler collectors, described in detail in Section 2.3.4. The length of tubing from the

reactor to the H2SO4 collectors was <7 cm, which would lead to a maximum of ∼22% loss

of H2SO4 according to the wall loss calculations from Zasypkin et al. (1997) (Equation

2.15). This will be higher than the actual wall loss as the estimate is for glass and not

PFA. The sulfuric acid will at this stage be nucleated (see Section 2.3.4), thus the isotopic

effect will be negligible as the relative mass difference due to an isotopic substitution in

a particle will be <<1%. Most experiments were run for 7–8 hours to generate sufficient

product for isotopic analysis. The exact conditions of each experiment are detailed in the

relevant section.
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Figure 2.1: Reaction system used to investigate oxidation of SO2: (a) reactors,

(b) collection system.

Following each experiment, the collection systems were emptied immediately. The

solution from the SO2 bubblers, containing hydrogen peroxide and sulfate, was poured

into a clean beaker and the bubblers were rinsed with MilliQ water several times into the

beaker. The H2SO4 trap was rinsed at least five times with MilliQ water to remove all

the adsorbed H2SO4, and the solution was collected in a beaker. An excess of BaCl2 was

added to each solution to precipitate S(VI) as BaSO4, as well as sufficient HCl to lower

the pH to approximately 3 for optimal precipitation (Rees and Holt, 1991). After at least

12 hours to ensure complete precipitation, the solutions were filtered through Nuclepore

track-etch polycarbonate membrane filters (Whatman Ltd.) with 0.2 µm pores, which

had been coated with a 10 nm thick gold layer using a sputter coater (Bal-tec GmbH,

Model SCD-050) prior to sample collection. Several rinses with MilliQ water removed

the majority of remaining BaCl2 from the BaSO4 precipitate and the filters were dried at

room temperature. Samples with a large amount of material, where sulfate grains were

clumped in groups, were gold-coated to prevent charging during SEM and NanoSIMS

analysis.
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2.3.2 Aqueous oxidation

Aqueous oxidation by the radical chain reaction mechanism

Aqueous oxidation by a radical chain reaction initiated by Fe3+ (Herrmann et al., 2000)

was measured by bubbling SO2 through a solution containing 0.1 M Fe(Cl)2 and 0.1 M

Fe(Cl)3. The product sulfate was collected from two bubblers in series. The quantity and

isotopic composition of the sulfate in the second bubbler was equal to that in the first

bubbler, showing the SO2 was not significantly depleted.

Aqueous oxidation by H2O2 in bulk aqueous phase

SO2 gas was collected by bubbling through a solution of 6% H2O2 in an ice bath, thus

the fractionation during collection of SO2 is a direct measure of the fractionation during

oxidation of SO2 by H2O2 in solution at 0 ◦C under non-equilibrium conditions. This

reaction was run eight times under a variety of conditions to fully characterise collection

of SO2 as described later in Section 2.3.4, and these experiments gave a robust value for

the fractionation of sulfur isotopes during oxidation of SO2 by H2O2.

Aqueous oxidation by H2O2 and O3 in droplets

Oxidation by H2O2 and O3 in the atmosphere occurs primarily in droplets and not in

the bulk phase, thus it is necessary to investigate whether droplet-specific effects such

as surface tension, the difference in saturation vapour pressure over a curved surface

compared to a bulk solution, and changes in droplet pH as the reaction proceeds, affect

the isotopic fractionation.

Reactor 2 (Figure 2.1) did not produce detectable ·OH (see Section 2.3.3 for details of

·OH quantification) at the reaction point where the humid, UV-irradiated air was mixed

with the SO2 flow. A small amount of ·OH was generated at the lamp tip in this reactor,

however the residence time of humidifed air at the lamp was short and all ·OH generated

was lost before reaching the reaction point. H2O2 was produced following H2O photolysis

to ·OH, and as the lifetime of H2O2 is longer than that of the ·OH radical, ∼5 ppbv

(mol mol−1 gas at atmospheric pressure; ppbv will only be used to discuss gas phase

concentrations) of H2O2 is present at the reaction point. O3 resulting from photolysis of

O2 was present at concentrations of >10 ppmv at the reaction point.

The reaction was therefore run in Reactor 2 at close to 100% relative humidity to

investigate aqueous oxidation by H2O2 and O3 in droplets rather than a bulk solution

in the absence of ·OH. The experiments were run at room temperature. Humid air
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was generated by bubbling synthetic air through water and was added both through the

photolysis tube and through a second entry into the reactor normally used to monitor

pressure. Neither flow passed through a trap to break up or remove large droplets and the

humidity was negligibly reduced by the addition of 10 cm3 min−1 (at standard conditions

of T = 273.15 K, P = 1013.25 mBar) dry SO2 gas to make a total flow of 600 cm3 min−1, so

the reactor was operated at 98% relative humidity in the presence of droplets. Although

oxidation by ozone would initially dominate, the pH in the system would very quickly

decrease as sulfate was generated so the bulk of the reaction would be due to H2O2

(Seinfeld and Pandis, 1998). A very large amount of product (>1 mg) was generated,

which significantly altered the isotopic composition of the SO2 gas. The fractionation

factor α must therefore be found from the Rayleigh equations for residual reactants and

products (Mariotti et al., 1981; Nriagu et al., 1991):

α =
ln
[
RR

R0

]
ln(f)

+ 1 (2.11)

and

α =
ln
[
1− (1− f)RP

R0

]
ln(f)

(2.12)

where f is the fraction of reactant (SO2) remaining after the reaction time (residence

time = 26 seconds) and R0, RR and RP are the isotope ratios 34S/32S for the initial gas,

the residual reactant and the product respectively. The reaction extent can be found from

the isotopic mass balance:

δ34Si = f · δ34SSO2 + (1− f) · δ34SH2SO4 (2.13)

where δ34Si is the initial composition of SO2 and δ34SSO2and δ34SH2SO4 are the isotopic

compositions of residual SO2 and product H2SO4 when a fraction f of the initial SO2

remains. Around 65% of SO2 was oxidised under high humidity conditions.

To isolate the effect of O3 on the product isotopic composition, the reaction was run

with a glass attachment that passed dry synthetic air over the Hg lamp to generate

1000 ppm ozone. As the photolysed air was dry the H2O2 concentration will be negligible.

Humidified air at 40% relative humidity was added to the reactor and was not exposed

to UV light. The product sulfate and the residual SO2 were collected and there was no

significant change in the SO2 isotopic composition.
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2.3.3 Gas-phase oxidation

·OH radicals were generated from the photolysis of water vapour, and allowed to react

with SO2 in the reactor shown in Figure 2.1. The SO2 concentration was much higher than

the ·OH concentration so the isotopic composition of SO2 was not significantly affected

by the reaction. The sulfuric acid gas product was collected, as described previously in

Section 2.3.1, to determine the value of the fractionation factor for the reaction of SO2

and ·OH.

·OH generation

·OH was generated from the photolysis of water vapour at around 30% relative humidity.

100 cm3 min−1 of humidified nitrogen was passed over a low-pressure mercury vapour

lamp (Jelight Company Inc., USA), which produces light at 184.9 nm resulting in the

generation of ·OH radicals (Cantrell et al., 1997):

H2O + hν → ·OH + H (2.14)

The ·OH concentration was determined from chemical titration of pyrrole (Sinha et al.,

2008b, 2009), which entered the reactor through the SO2 inlet and thus saw the same

·OH flux as SO2. Two similar reactors were used to measure the ·OH + SO2 reaction and

the influence of potential interfering reactions (Figure 2.1, described further in Section

2.4.2). Reactor 1 produced 11 ppbv of ·OH. Reactor 2 did not produce detectable ·OH at

the reaction point and was used to measure interferences. A small amount of ·OH would

have been generated at the lamp tip, however the residence time of humidifed water at

the lamp was short and all ·OH generated was lost before entering the reactor.

The ·OH concentration is dependent on the water vapour concentration (Young et al.,

2008). In these experiments the relative humidity is kept constant by passing the humid

air stream through glass wool held at the reaction temperature, in order to remove ex-

cess humidity and large droplets so that aqueous oxidation is minimised, thus the water

vapour concentration will change exponentially with temperature according to the vapour

pressure of water. The quantity of sulfate produced at the four different reaction tem-

peratures was measured as described in Section 2.3.5 and found to follow the expected

exponential relationship as shown in Figure 2.2b.
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Figure 2.2: Quantification of background in the reaction of SO2 and ·OH. (a)

Total sulfate collected at room temperature under various conditions (individual sam-

ples are shown as orange dots, error bars are 1σ standard deviation of individual sam-

ples): (1) Background from impurities in MilliQ water and BaCl2; (2) Direct photolysis of

SO2, 254 nm and 185 nm lines; (3) Direct photolysis, 254 nm line; (4) 254 nm and 185 nm

lines, humidity passing over lamp; (5) 2–4 combined to show total production under UV

light in the absence of ·OH; (6) no irradiation, no added oxidant; 7) 11 ppbv ·OH. (b)

Temperature-dependence of sulfate production from ·OH reaction (black) and background

from sulfate impurities in water (white) and background sulfate production (red), with the

percentage contribution of the background to the total sulfate collected shown in orange.

2.3.4 Collection of SO2 and H2SO4 products

H2SO4 collection

Sulfate is removed from the gas stream by passing through two 40-cm long glass vessels

with a rough inside wall, which will increase turbulence and internal surface area (Figure

2.1). Two forms of sulfate product need to be collected in the experiments:

1. Aqueous droplet oxidation will results in water droplets containing sulfate. These

will be lost to the glass walls by gravitational settling and by electrostatic attraction,

which leads to collisions with the walls (Lai, 2006). This is a bulk process and is

assumed not to introduce a significant isotopic effect, and will be very efficient given

the length and roughness of the collectors.

2. Sulfuric acid gas will initially be produced in the gas-phase oxidation experiments

but will nucleate to form particles of 1.5-2 nm diameter as the concentration of

H2SO4 is >0.01-0.1 of the saturation vapour pressure (33 ppbv for 99% H2SO4)
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(Kulmala et al., 2004, 2007). The loss of H2SO4(g) to the walls of glass vessels is

described by:

[H2SO4]t = [H2SO4]0 e
−kt (2.15)

where [H2SO4]0 and [H2SO4]t are the gas phase concentrations of H2SO4 at time =

0 and time = t, k is the diffusion-limited first order reaction coefficient: k = 3.65D
r2

,

D is the diffusion coefficient and r is the radius of the reactor (Zasypkin et al.,

1997; Young et al., 2008). D= 0.095 cm2 s−1 in dry air at atmospheric pressure

and decreases to 0.075 cm2 s−1 at high humidity (Hanson and Eisele, 2000). These

equations apply only to well-established laminar flow conditions in a cylindrical

reactor and can provide a lower limit to wall loss in this system. Nanoparticles

in the size range ∼2 nm will follow Brownian motion, like the sulfuric acid gas

molecules, thus the wall loss calculation can be extended to estimate the loss of

these ultrafine particles. The diffusion coefficient for 2 nm particles is ∼0.035 cm2

s−1 (extrapolated from Rudyak et al. (2009)), so the predicted wall loss will be

>97% in the two condensers. The actual wall loss will be considerably higher than

predicted as turbulence and electrostatic attraction in the system will increase the

frequency of collisions with the walls. At this efficiency, there should be no significant

difference between the initial and the product isotopic composition.

No isotopic standard of gaseous H2SO4 was available, so the fractionation during col-

lection was measured by analysing the product from two collectors arranged in series.

A flow of N2 6.0 (Westfalen AG) was passed through a 1 M solution of H2SO4 and the

resulting mixture flowed through the two 40 cm-long glass collection vessels. This ex-

periment will involve collection primarily of sulfuric acid droplets and not gas, however

the results are relevant to the collection in the experiments since the gas-phase experi-

ments will primarily result in freshly-nucleated particles while the aqueous droplet phase

experiments will result in sulfate in droplets. Following the experiment, the collectors

were rinsed and sulfate was precipitated by adding BaCl2 and analysed as described in

Section 2.3.5. The average measured differences between the δ34S and δ33S of the two

collectors are −1.1±2.6‰ and −0.3±1.5‰ respectively, showing that there is no system-

atic fractionation introduced beyond the precision of the measurement (Table 2.1). A

small or insignificant difference between the two collectors can only be achieved with a

low collection efficiency or a fractionation factor close to 1, otherwise the δ34S and δ33S

of the H2SO4 entering the second collector would be altered by the first collector. A high

efficiency was theoretically predicted, and supported by the fact that very little product

was seen on the second filter during analysis. Therefore, the fractionation introduced by
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this collection method is insignificant and the δ33S and δ34S of H2SO4 in later experiments

does not need to be corrected for an isotopic change during collection.

Table 2.1: Fractionation of 34S/32S and 33S/32S between two collectors in series

during collection of H2SO4.

Run # 1 2 3 Average

Date 02.11.09 03.11.09 23.02.10

N2 flow rate (cm3 min−1) 1500 1500 1720

Length (hr) 6.3 8.3 6.1

δ34SC1 − δ34SC2 −3.3±2.1 2.4±2.5 −4.2±7.9 −1.1±2.6

δ33SC1 − δ33SC2 0.7±2.2 −0.4±2.3 0.9±3.6 0.3±1.5

It is important to consider possible breakthrough of H2SO4 gas to the SO2 gas collec-

tion system. Although H2SO4 is efficiently removed, when the H2SO4 concentration was

more than three times as high as the SO2 concentration, breakthrough of H2SO4 could be

detected in the isotopic composition of SO2. The sensitivity of the isotopic composition of

the SO2 to breakthrough also depends on the difference in δ34S between SO2 and H2SO4.

To completely avoid effects from breakthrough of H2SO4 the reaction yield was kept below

two thirds of the total SO2.

SO2 collection

Sulfur dioxide is traditionally collected on filters impregnated with alkaline solutions such

as Na2CO3 (Novak et al., 2001; Huygen, 1963). A variety of solutions were tested with

varying amounts of Na2CO3, BaCl2, triethanolamine, glycerol and H2O2, and the aver-

age fractionation factor was measured as α = 1.007±0.003 for all methods tested. The

recovery of SO2 was found to vary from less than 5% to more than 40% depending on the

length of time that SO2 was collected and the amount taken up relative to the alkalinity

capacity of the filter, rather than on the solution composition. The fractionation in the

final product could then vary from at least 4.5 to 10.6‰, with even larger variations

introduced for longer experiments or very high filter loads. This method of collection is

not suitable for our laboratory experiments due to the low relative humidity and high

concentrations of SO2 in our samples combined with the need for a constant, correctable

isotopic fractionation.

Alternatively, SO2 can be collected by passing the gas stream through bubblers con-

taining hydrogen peroxide, which oxidises the S(IV) in the solution to sulfate (US-EPA,
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2010). This method was tested by passing SO2 of known isotopic composition (δ34S =

1.25±0.3‰) through two bubblers in series containing a solution of 6% hydrogen per-

oxide, held at 0 °C in an ice bath to increase SO2 solubility (Figure 2.1). Following the

experiment a BaSO4 precipitate was prepared by adding BaCl2, and the precipitate was

collected on a gold-coated Nuclepore filter. This experiment was repeated eight times,

seven of which were analysed with the NanoSIMS as described in Section 2.3.5. One

sample was analysed by traditional dual-inlet isotope ratio mass spectrometry at the

Massachusetts Institute of Technology according to the methods described in Ono et al.

(2006). The reaction conditions and measured fractionation factors are shown in Table

2.2.
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2.3.5 SEM and NanoSIMS analysis

Scanning electron microscopy

A LEO 1530 field emission scanning electron microscope (SEM) with an Oxford Instru-

ments ultra-thin-window energy-dispersive x-ray detector (EDX) was used to locate and

characterise particles before NanoSIMS analysis. The samples were directly analysed in

the SEM after collection on gold-coated filters without any further treatment. The SEM

was operated with an accelerating voltage of between 10 and 20 keV, a 60 µm aperture

and a working distance of 9.6 mm. “High current mode” was used to increase the EDX

signal and improve elemental sensitivity. All samples were viewed with the SEM to inves-

tigate the coverage, size and shape of sulfate grains. A transfer of the coordinate system

between the NanoSIMS and the SEM is possible using several well-defined origin points,

which allows the same grain or area to be found and analysed in both instruments. An

example of a barium sulfate grain with its EDX spectrum is shown in Figure 2.3.

O

Si

Au

S

Cl
Ba

C

Width = 2.7 μmEnergy

Figure 2.3: EDX spectrum and SEM image of a typical BaSO4 grain.

Quantification with the SEM

The EDX spectrum can be used to roughly quantify compounds and particles on the

filters, and thus estimate the extent of reactions. An automatic analysis of the filter is

taken, with EDX analysis points distributed at regular intervals in each image. As long as

the diameter of the largest particle is smaller than the distance between EDX points, the

probability of the point falling on a particular particle is proportional to the area covered

by that type of particle (Winterholler, 2007). Moreover, if an element is just in one form,

for example sulfur is only present as BaSO4, the number of points with a sulfur signal will

be proportional to the area covered by BaSO4. The volume and hence mass of BaSO4 can

be found by considering the average height of the BaSO4 grains, as long as it is evenly

distributed and not clumped in large heaps. The sample height was estimated to be 0.2
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µm based on the movement in the Z-direction of the microscope needed to focus on the

filter and on the top of a representative number of BaSO4 grains. The largest source of

uncertainty for quantification of the collected BaSO4 is that grains can flake off the filter

during handling of the samples.

The presence of a “signal” for an element in this quantification method requires differ-

entiating between background noise and actual signal. Quantifying sulfur compounds on

gold filters is challenging, because the gold peak overlaps strongly with the sulfur peak, as

shown in Figure 2.3. The contribution of the gold peak to the sulfur peak approximately

follows a Gaussian distribution, as gold is present in all sampled EDX points. An example

is shown in Figure 2.4. The sulfur signal is superimposed on the Gaussian distribution

of the gold signal, as the X-ray emission depth and spot size means the gold signal will

always be present even when the sampling point falls on a barium sulfate grain (Gold-

stein et al., 1981). Thus, the presence of a significant sulfur signal was defined as falling

above the 99.9% confidence limit for the gold Gaussian distribution (x > µ+ 3.09σ). The

contribution of S in BaSO4 to the signal in the sulfur channel shows a peak, however the

number of sulfur points is too low to calculate the Gaussian distribution for these sam-

ples. To account for the tail of the Gaussian curve of Au that is above the 3.09σ limit,

which could be a large part of the signal at low sulfate concentrations, the integrated

background (bcg) above the 3.09σ limit was subtracted, and the number of points with a

significant sulfur signal was defined as:

n(x > bcg) = n(x > µ+ 3.09σ)− 0.001[n(total)] (2.16)

The Gaussian curve does not always fit cleanly to the data. For samples where the

area coverage is significantly less than 25%, a second estimate of the 3σ limit can be

approximated by Qu + 1.726(Qu – Ql), where Qu and Ql are the upper and lower quartiles

of the raw signal for the element of interest. This has previously been used to define the

background of an SEM-EDX signal for a similar quantification method (Winterholler,

2007; Stoyan, 1998). EDX points with the signal for both barium and sulfur above the

background are then used to quantify BaSO4. The quantity of sulfate measured for a

sample with the two methods has an average uncertainty of 40% and shows no systematic

offset. The sulfate production in each experiment is an average of at least two duplicate

samples both measured with the two methods. The limit of detection for quantification is

the amount of sulfate when only one point shows a significant signal, and thus it depends

on the total number of points taken. For most samples 10 000 EDX points were measured,

giving a detection limit of 0.2 nmol of sulfate, or 0.18 ppbv at the typical flow rate of 600

cm3 min−1.
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Figure 2.4: Frequency of signal height in the sulfur channel of an automatic

EDX analysis of BaSO4 on a gold-coated filter. The measured signal for the sulfur

channel is shown in blue and the Gaussian fit to the contribution from the gold peak is

shown in red.

NanoSIMS

The sulfur isotopic composition was determined with the Cameca NanoSIMS 50 ion probe

at the Max Planck Institute for Chemistry in Mainz (Hoppe, 2006; Groener and Hoppe,

2006). The NanoSIMS 50 has a high lateral resolution (<100 nm) and high sensitivity and

can simultaneously measure up to five different masses through a multicollection system,

allowing high precision analysis of the small sample quantities (<<1 mg) required for this

study. The use of this instrument to analyse sulfur isotope ratios is described in detail

elsewhere (Winterholler et al., 2006, 2008), and only a brief description will be given here.

BaSO4 is analysed directly without further processing after it is collected on gold-

coated filters as described in Section 2.3.1. A ∼1 pA Cs+ beam is focussed onto a ∼100

nm sized spot and rastered in a 2 µm × 2 µm grid over the grain of interest. The ejected

secondary ions are carried into the mass spectrometer and multicollection system. Each

measurement consists of 200–400 cycles of 4.096 s duration preceded by varying lengths of

presputtering until the gold coating is removed and the count rate is stable. Presputtering

is carried out on an area of at least 10 µm × 10 µm to avoid crater effects in the analysed

area. Secondary ions of 16O−, 32S−, 33S−, 34S− and 36S− were simultaneously detected

in five electron multipliers at high mass resolution (M/∆M >3900 for 33S). The detector

dead time is 44 ns and the count rates were corrected accordingly. The energy slit was set
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at a bandpass of 20 eV and the transmission was set at 15–20% with the fifth entrance

slit (10 × 100 µm) and the fourth aperture slit (80 × 80 µm) in order to reduce the effect

of quasi-simultaneous arrival (QSA; Slodzian et al. (2001)).

Mass-dependent and mass-independent instrumental mass fractionation (IMF) can

occur at several stages of the SIMS analysis, so the IMF correction factor in each mea-

surement session is determined with the commercially available BaSO4 isotope standards

IAEA-SO5 and IAEA-SO6. Correction for the quasi-simultaneous arrival (QSA) effect

was carried out as described by Slodzian et al. (2004), however a factor of 0.75 rather

than 0.69 was used as this minimised the dependence on count rate best for these samples.

The number of counts is assumed to follow a Poisson distribution, so the counting

statistical error is
√
n, i.e. the relative error is 1/

√
n (Bevington and Robinson, 1992).

Some spot-to-spot variation is also seen between individual measurements on a filter,

most likely due to topographic effects or nanoscale inhomogeneity. Thus, at least five

grains on each sample filter were measured, and a weighted average was calculated using

1/σ2 for the weighting function, where σ is the counting statistical error of individual

measurements. To calculate the overall measurement uncertainty the error of the weighted

mean is multiplied by
√
χ2 for χ2 >1 in order to account for the larger uncertainty

introduced by the spot-to-spot variability. The counting statistical error was typically

1–2‰ and the overall error for each sample 2–5‰.

2.4 Results and discussion

2.4.1 Aqueous oxidation

The fractionation factors during aqueous oxidation by H2O2, O3 and radical chain re-

action initiated by Fe are shown in Figure 2.5 and Table 2.3. All oxidants other than

O3 produce mass-dependent fractionation, and the deviation from the mass-dependent

fractionation line seen for O3 is almost certainly a measurement artefact as only two

samples were measured. 33S measurements with the NanoSIMS are more uncertain than
34S measurements, as they can be systematically inaccurate on a individual filter due

to factors such as a change in the interference from 32SH between the sample and the

standard; thus they are only reliable if a larger number of samples are measured. The

radical chain reaction, which has a fractionation factor of α34 = 0.9894± 0.0043 at 19◦C,

is the only measured aqueous reaction to favour the light isotope. This agrees relatively

well with measurements by Saltzman et al. (1983), where a fractionation factor of 0.996

for oxidation of HSO−
3 by dissolved O2 was indicated by laboratory experiments.
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Figure 2.5: Fractionation factors for the aqueous oxidation of SO2 at 19 ◦C by

radical chain reaction initiated by Fe, H2O2 bulk solution (from temperature-dependent

regression), and H2O2/O3 and only O3 in aerosol droplets. Error bars are the 1σ standard

deviation and MDF is the mass-dependent fractionation line.

Table 2.3: Fractionation factors at 19 ◦C for the aqueous oxidation of SO2 by

radical chain reaction initiated by Fe, H2O2 bulk solution (from temperature-dependent

regression), and H2O2/O3 and only O3 in aerosol droplets.

Oxidant α34 1 σ α33 1 σ

H2O2 1.0151 0.0013 1.0071 0.0016

O3 1.0174 0.0028 1.0157 0.0022

H2O2/O3 1.0118 0.0040 1.0048 0.0019

radical chain 0.9894 0.0043 0.9928 0.0022
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Isotopic fractionation during SO2 collection

SO2 was collected by bubbling through a solution of H2O2, which oxidises the S(IV) to

sulfate. The collection is not complete, and as >1% of SO2 is oxidised it can no longer be

considered an unchanged reservoir. Thus the isotopic composition of the product depends

on the value of the kinetic fractionation factor α (= k34/k32) and the fraction of reactant

remaining, as described by the Rayleigh fractionation laws (Mariotti et al., 1981; Nriagu

et al., 1991). Equation 2.12 from Section 2.3.2 can be used directly for the first bubbler,

and adapted to represent the second bubblers in series:

α2 =
ln
[
1− (1− f)

RP2

R∗
0

]
ln(f)

(2.17)

where f is the fraction of reactant (SO2) remaining and R0, and RP2 are the isotope

ratios 34S/32S for the initial gas and the product of the second bubbler respectively. R∗
0

is the initial isotopic composition entering the second bubbler, that is, the residual SO2

remaining after the first bubbler: R∗
0 = R0f

α1−1.

The collection efficiency (1−f) must be known to find α from these equations. Grains

can flake off the filter during handling when a large amount of product is present (i.e. a

layer rather than individual grains, >1 mg), leading to greater losses from the filter from

the first bubbler as it has more product. Thus quantification by SEM-EDX as described in

Section 2.3.5 does not give an accurate value for f . Gravimetric determination of f is not

possible due to the interference from coprecipitated BaCl2 and the very small quantities

of sulfate on the second filter. The fraction of SO2 remaining was therefore determined

as the value that would give an equal α for the first and second collectors, found for

each experiment by iteration with Equations 2.12 and 2.17. The weighted average of the

individual values shows that 39% of SO2 is collected per bubbler. The total collection

efficiency of two bubblers in series is 63±11%. A higher concentration of H2O2 may be

expected to improve collection efficiency, however this was not possible as it resulted in

destruction of the gold coating on the filters during filtering to collect BaSO4.

Equations 2.12 and 2.17 were then used to find α for each bubbler measurement. The

reaction conditions and results are shown in Table 2.2 and Figure 2.6. The weighted aver-

age α34 is 1.0160±0.0013 at 0 ◦C, which results in a product δ34S change of +9.2±0.7 ‰
following the two bubblers. This is consistent with expectations for aqueous oxidation by

H2O2 (Eriksen, 1972a; Egiazarov et al., 1971) and is robust over a large range of flows

and SO2 concentrations. The gas temperature does not affect the measured fractionation

since the collector is held at 0 ◦C and the quantity of gas passed through the sampling

system is not sufficient to change the temperature within the collection system.
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Figure 2.6: Fractionation introduced during collection of SO2 in H2O2 solution.

The duel-inlet IR-MS sample was measured as described in Ono et al. (2006). The shown

data of experiments 1–7 are the weighted averages of individual NanoSIMS measurements,

while the horizontal dashed lines and the two data points at the right side show the

weighted averages of all experiments. Error bars are the 1σ standard deviation.

Measurements of δ33S by NanoSIMS are more uncertain than δ34S due to counting

statistics. The measured α33 is 1.007±0.002, which is not significantly different from

the value expected for mass-dependent fractionation (MDF: α33/α34 = 0.515, t-test, P =

0.05). The mass-dependent nature of the fractionation is confirmed by the high precision

measurement of Sample 8, which showed ∆33S = 0.05‰. The change in δ34SSO2 and

δ33SSO2 due to reactions of interest in all other experiments can be isolated by considering

the measured fractionation due to collection and the initial isotopic composition.

Oxidation by H2O2 and O3

Several previous studies have considered the fractionation during aqueous SO2 oxidation

and the combined results are presented in Figure 2.7. The weighted linear fit to all points

shown in Figure 2.7 (except those for SO2(g) 
 SO2(aq)) shows that:

αaq = (1.0167±0.0019)− ((8.7±3.5)× 10−5)T (2.18)
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where T is the temperature in degrees celsius. There is no significant difference between

the α34 at 19◦C measured for H2O2/O3 (α34 = 1.0118± 0.0040) and O3 (α34 = 1.0174±
0.0028) in droplets and the bulk H2O2 measurements (α34 = 1.0151±0.0013). This shows

that droplet-specific effects do not affect isotopic fractionation, and thus the results of

bulk phase experiments are relevant to atmospheric reactions, which will primarily occur

in droplets. The droplet measurements have a larger uncertainty which is due to small

variations in reaction conditions, particularly relative humidity.
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Figure 2.7: Temperature dependence of fractionation during aqueous oxidation

of SO2 by H2O2 and O3. Error bars are the 1σ standard deviation.

The previous studies do not consider oxidation to S(VI) (see Equations 2.4-2.8), and

comparison of the measured fractionation factors can show which stages of the reaction are

most important for isotopic fractionation. Chmielewski et al. (2002) and Eriksen (1972b)

consider only the equilibrium SO2 (g) 
SO2 (aq) and measure a much lower fractionation

factor (α= 1.00256 at 10 ◦C). This shows that physical phase transfer is responsible for

only a small part of isotopic fractionation, and protonation and acid-base equilibria in

solution cause the majority of fractionation for the SO2 (g) - S(IV) (aq) system.

The results of Egiazarov et al. (1971) and Eriksen (1972a,b,c,d) compare well with the

results of this chapter, although these earlier studies both consider only the equilibrium to

S(IV) in solution while this study includes oxidation to S(VI). This shows that the termi-

nating oxidation reaction has a negligible effect on isotopic fractionation, explaining why

H2O2 and O3 produce the same fractionation factors despite very different mechanisms
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(Savarino et al., 2000). Eriksen (1972a) considers the equilibriation of 1 M NaHSO3 at

low pH as acid is constantly added to the system, thus the concentration of SO2−
3 will be

negligible. The experiments of Egiazarov et al. (1971) consider the equilibration of 3 M

NaHSO3 at pH ≈ 4, so unlike Eriksen (1972a) these results will include some equilibration

to SO2−
3 as well as significant production of S2O2−

5 . The fractionation factor measured

by Egiazarov et al. (1971) (α= 1.0173±0.0003 at 25 ◦C) is slightly higher than the frac-

tionation factor measured by Eriksen (1972a) (α= 1.01033±0.00041 at 25 ◦C), suggesting

that equilibration towards higher-pH forms of S(IV) introduces a further enrichment of
34S. The rate of S(IV) oxidation by O3 increases by several orders of magnitude as the pH

increases above 5.5 (Botha et al., 1994), and the fractionation factor measured for O3 in

this study (α= 1.0174±0.0028) is slightly higher than that measured for H2O2 oxidation

(α= 1.0151±0.0013), supporting the hypothesis that equilibration to higher pH increases

fractionation, while the terminating oxidation by O3 may have little effect on isotopic

fractionation. Results investigating the isotopic effect of flue gas desulfurization provide

another value of the fractionation factor at high pH for comparison: Derda et al. (2007)

measured α34 of 1.0026 for aqueous oxidation in a wet lime solution producing gypsum

(the fractionation factor has been adjusted to have the same definition as the present

study). This would provide a first estimate for the isotope fractionation during oxidation

in an alkaline solution, but meaningful comparison with the results obtained in the present

study is difficult, since an industrial scale process is not comparable to the carefully con-

trolled environment of a laboratory reactor, and the process temperature has not been

reported by Derda et al. (2007). The difference between measured fractionation during

oxidation by O3 and H2O2 in this study is not significant considering the experimental

error and a more detailed study of the pH-dependence of this system would be needed to

fully resolve isotopic effects for each step in the pathway from SO2(g) → sulfate.

2.4.2 Gas-phase oxidation of SO2 by ·OH radicals

Quantification of interferences

Before calculating fractionation factors for SO2 oxidation by ·OH radicals, a consideration

of interferences from background sulfate is necessary. Possible interferences are sulfate

impurities in reagents, direct photolysis of SO2, and reaction in the gaseous or aqueous

phase with oxidants such as H2O2, ·HO2 and O3, which are also generated during the

photolysis of water (Atkinson et al., 2004). SO2 photolysis can follow a number of path-

ways under UV light (Farquhar et al., 2001). The wavelength-dependent quantum yield
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of the different pathways is not well known and the fractionation occurring is not well-

constrained (Farquhar et al., 2001; Lyons, 2009). The gas phase reactions of SO2 with

photochemical products other than ·OH are very slow (Atkinson et al., 2004), however

oxidation on glass surfaces with adsorbed water could lead to sulfate production.

The trace sulfate content present in the MilliQ water used to rinse the product sulfate

from the collectors was tested by adding BaCl2 to 500 mL of MilliQ water. The BaSO4

was then collected and quantified in the SEM. The effect of this blank (1.6 ± 1 µg L−1) on

the measured sulfate concentration was then converted to mol of blank per mole of sulfur

produced during the experiment based on the volume of MilliQ used to wash the collectors

and the quantity of sulfate produced in the individual experiment. The interference from

sulfate impurities in MilliQ water contributed 6% by mass of the total sulfate at −25 ◦C

and less than 2.5% of sulfate for all other temperatures. The equivalent in ppbv based

on the average volume of MilliQ used to wash the collectors and the quantity of sulfate

produced for an 8 hour experiment considering flow rate, concentration temperature and

pressure is shown in Figure 2.2.

Oxidation by photochemical products other than ·OH, such as H2O2, ·HO2 and O3,

was tested with Reactor 2, which passed water vapour through UV light but did not

produce detectable ·OH at the reaction point. A numerical simulation (Facsimile model,

MCPA Software, Ltd.) of the chemical processes involved was run to investigate the

species that would be present in the reactor following the photolysis of water and may

oxidise SO2. The species produced by Reactor 1 for the photolysis of water in synthetic

air to generate 11 ppbv ·OH followed by immediate mixing with 1 ppm SO2 are shown in

Figure 2.8.

Direct photolysis of SO2 was measured by adding humidity 10 cm after the lamp, to

ensure the water was not photolysed while allowing the reaction SO3 + H2O → H2SO4

to occur. This was done with both Reactors 1 and 2 so that direct photolysis of SO2

and reaction with other lamp products, discussed in the previous paragraph, could be

separated. The rate of pyrrole photolysis was measured to be the same for both reactors, so

it can be assumed that the photolysis of SO2 is also comparable between the two reactors.

Direct photolysis was measured with both the standard Hg lamp, which produces 185

and 254 nm lines, and with an O3-free Hg lamp, which emits only the 254 nm line. The

whole reaction system was also run with no lamps switched on to measure the quantity

of sulfate oxidised by trace compounds in the water or glass walls. The quantification of

these interferences is shown in Figure 2.2. No sulfate was measured when SO2 was run

through the reaction system in the absence of humidity.
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Figure 2.8: Facsimile model of potential oxidants and H2SO4 produced as 11 ppbv

·OH is generated from the photolysis of water in 20 % oxygen and mixed with 1 ppm SO2

at atmospheric pressure.

The quantity of sulfate produced under UV light does not significantly differ between

Reactors 1 and 2, O3-free or normal Hg lamps, and whether humidity is passed over the

lamp or not. Thus, all experiments with UV light were combined to find a background of

0.60±0.40 ppbv sulfate in the absence of ·OH radicals at room temperature. The quantity

of sulfate produced in the absence of UV light was 1.04±0.10 ppbv, i.e., compatible with

the former value within errors, and the δ34S values of the products in experiments with

irradiation are not significantly different from the δ34S of the products in the absence of

UV light (Figure 2.9), thus the background sulfate is not due to irradiation. The quan-

tity of sulfate collected in the absence of ·OH radicals was found to have an exponential

relationship to temperature and thus was proportional to water vapour pressure. The

measured temperature dependencies of sulfate quantity for no ·OH and ·OH experiments

were adequately described by exponential curves and the fits were used to quantify the

percentage contribution of the background to the total sulfate at each experimental tem-

perature. The reaction of interest, SO2 + ·OH, contributes between 77 and 85% of the

total collected sulfate, depending on the reaction temperature. As the average isotopic

composition of the background (δ34S = 13.0±1.5‰) is consistent with that expected from

aqueous oxidation (δ34S = 15.1±1.3‰), and the quantity of background sulfate varies with

the vapour pressure of water, it can be assumed the background sulfate reaction is aque-

ous oxidation due to an impurity in the water or an oxidation reaction in an H2O surface

layer on the glass walls of the collector. As the fractionation for aqueous oxidation has

a much lower uncertainty due to the large number of measurements and its temperature
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dependence is known, it can be used to correct for the background in the SO2 + ·OH

reaction.
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Figure 2.9: Isotopic composition of interferences in the reaction of SO2 and ·OH.

See Figure 2.2 for explanation of legend numbers. Aq. ox. shows the isotopic composition

of the products of aqueous oxidation by H2O2 or O3. Error bars are the 1σ standard

deviation.

Isotopic fractionation during the gas-phase oxidation of SO2 by ·OH radicals

The oxidation of SO2 by ·OH radicals in the gas phase was measured at four different

temperatures in twelve individual experiments. The results are presented in Figure 2.10

and Table 2.4. The correction for aqueous background oxidation as described in Section

2.4.2 has only a small effect on the results as it accounts for less than 25% of sulfate

production. The weighted fit to all points gives a temperature-dependent fractionation

factor for 34S of:

αOH = (1.0089±0.0007)− ((4±5)× 10−5)T. (2.19)

The measured fractionation factor for 33S is

αOH = (1.0043±0.0010) + ((1±4)× 10−5)T. (2.20)

This is not significantly different from the fractionation of 33S predicted from a mass-

dependent relationship to 34S.

Ab initio calculations using transition state theory for the reaction SO2 + ·OH →
HOSO2 by Tanaka et al. (1994) estimated a fractionation factor for 34S/32S of 0.991,
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Figure 2.10: Temperature dependent fractionation factors during the gas-phase

oxidation of SO2 by ·OH radicals. Pale points represent individual experiments while

dark points with error bars are the average and 1σ error of the mean at each temperature.

Table 2.4: Temperature dependent fractionation factors during the gas-phase

oxidation of SO2 by ·OH radicals.

T (◦C) n α34 1 σ α33 1 σ

−20 2 1.0095 0.0013 1.0034 0.0014

2 3 1.0088 0.0030 1.0053 0.0012

19 4 1.0113 0.0024 1.0053 0.0049

38 3 1.0052 0.0028 1.0034 0.0009

similar in magnitude but opposite in direction to the fractionation factor measured in

this study. Leung et al. (2001) calculated the fractionation factor to be 1.14 based on

RRKM theory. They found that although the positive difference in critical energies of

the transition states would lead to a fractionation factor of < 1, this is overcome by

the denser vibrational manifolds of the 34S transition state. However, the authors state

that even considering the uncertainties in all parameters used they predict a fractionation

factor > 1.07, almost 10 times larger in magnitude than the factor measured in this

study. Even a fractionation factor of 1.07 rather than 1.14 is significantly larger than

the variation observed in atmospheric samples (e.g. Norman et al. (2006); Novak et al.

(2001)), so it is likely that RRKM theory can accurately predict only the direction and
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not the magnitude of this isotope effect. This is in agreement with recent results from

Lin et al. (2011) and Hattori et al. (2011), which found a similar overprediction of the

sulfur isotopic fractionation during the photolysis of OCS by RRKM theory (Leung et al.,

2002).

2.4.3 Comparison to previous studies

A number of studies have used field measurements to estimate the value of the fraction-

ation factors for SO2 oxidation. Atmospheric measurements of δ34SSO4 and (δ34SSO4 −
δ34SSO2) are often lower in summer than in winter (Mukai et al., 2001; Mayer et al., 1995;

Saltzman et al., 1983). Oxidation by ·OH is expected to be highest in summer and this

may therefore show that the fractionation factor for gas-phase oxidation is lower than

that for aqueous oxidation, in agreement with the results of this study. Observations that

sometimes δ34SSO4 < δ34SSO2 have previously been suggested to show that αOH<1, how-

ever the results of this study point to a dominance of transition-metal catalysed oxidation

for these samples. Seasonality is not a direct measurement of oxidation and fractiona-

tion but reflects changing sources and oxidation pathways as well as lifetime and removal

mechanisms such as dry and wet deposition. Hence, in order to estimate fractionation

factors from seasonal data, seasonal changes in oxidant concentrations, local sources and

climatic conditions would need to be considered very carefully.

The δ34S of stratospheric sulfate aerosol has been observed to first increase and then

strongly decrease in the months following the eruption of Mt. Agung (Castleman et al.,

1974), consistent with stratospheric oxidation favouring 34S and progressively depleting

the SO2 reservoir. This was suggested to show that oxidation by ·OH favours the heavy

isotope, as ·OH is normally the dominant stratospheric oxidant for SO2 (Leung et al.,

2001). However, strong ∆33S signals found in ice core records of volcanic sulfate from

the same event suggest photochemical oxidation is the dominant process producing these

aerosols: The huge amount of SO2 released during the eruption depletes the stratosphere

of ·OH which means oxidation pathways, such as photolysis, which are normally not im-

portant in stratospheric SO2 oxidation can begin to have a significant effect (Savarino

et al., 2003a,b; Baroni et al., 2007, 2008). The contribution of ·OH and other oxida-

tion pathways to oxidation of SO2 following a stratospheric volcanic eruption is not well

constrained, thus measurements from these eruptions are not reliable indicators of the

magnitude and direction of αOH.

Interglacial-glacial changes in ∆17O of ice core sulfate can provide information on the

oxidation pathways of sulfur due to the large ∆17O signal in O3 and the smaller but
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significant ∆17O signal in H2O2 (Sofen et al., 2011; Alexander et al., 2002, 2003; Savarino

et al., 2000). Transition metal-catalysed oxidation by O2 and gas phase oxidation by ·OH

both result in ∆17O very close to 0‰ (Luz and Barkan, 2005; Sofen et al., 2011). The

∆17O of ice core sulfate was larger in the surrounding interglacials than in the last glacial

period, showing that oxidation by H2O2 and O3 was proportionally more important in the

interglacial periods. The δ34S of sulfate was measured to be lower during glacial periods

than surrounding interglacials (Alexander et al., 2003). It has been suggested that this

shows a progressive depletion in 34S during transport of SO2 from lower latitude source

regions, based on the αOH of > 1.07 from Leung et al. (2001). However, the results of this

study suggest that the fractionation signature is directly transferred to ice-core sulfate,

and increased oxidation by transition metal catalysis due to higher abundance of windblow

dust could account for the lower values of δ34S measured in glacial periods. Considering

the pre-industrial partitioning between the sulfate production pathways from Sofen et al.

(2011) and the fractionation factors measured in this chapter, the overall preindustrial

change in δ34S between SO2 and product sulfate would be +5.5‰. Alexander et al. (2003)

saw a decrease in δ34Snss of ∼3‰ during glacial periods, which would mean a change in

δ34S between SO2 and product sulfate of +2.5‰ if sources were unchanged. Oxidation

by transitional metal catalysis would need to increase from 8% to 35% of the total sulfate

production to account for this change if the proportions of sulfate produced from the other

oxidation pathways and the overall sulfur budget remained the same. A 10% increase

in transition-metal catalysed sulfate production was modelled for the pre-industrial to

industrial periods by Sofen et al. (2011), thus a 27% increase due to much higher dust

loads in glacial times is not unreasonable.

2.5 Conclusions

This study measured the fractionation factors for the most common SO2 oxidation path-

ways: gas phase oxidation by ·OH radicals, and aqueous phase oxidation by H2O2, O3

and a radical chain reaction initiated by Fe. The fractionation factors for these oxidation

pathways are now well constrained compared to the previous estimates. A summary di-

agram of the main processes in the continental sulfur cycle and the fractionation factors

involved is shown in Figure 2.11. Isotopic measurements can now be used to constrain the

dominant oxidation pathway in environmental samples by excluding pathways that do not

agree with observed fractionation. A Cameca NanoSIMS 50 was used to measure the iso-
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Figure 2.11: A summary of sulfur isotopes and the continental sulfur cycle.

Fractionation factors are shown for 19◦C. Emission quantities for the different sources are

taken from Sofen et al. (2011) and δ34S values from sources are from Rees et al. (1978),

Krouse et al. (1991), Nielsen et al. (1991) and Sanusi et al. (2006).

topic composition of the sulfate produced from the different reactions, which allowed these

previously unknown fractionation factors to be measured despite the difficulties of obtain-

ing enough product for traditional isotope measurement instruments. However, factors

such as sample topography and charging mean that NanoSIMS results have a far greater

uncertainty than traditional measurement techniques, and NanoSIMS measurement error

contributes the major uncertainty in the results. NanoSIMS analysis allowed the reactor

and collection system to be developed and the reaction to be thoroughly investigated for

interfering reactions; the next step in laboratory studies of these fractionation factors

would be to increase the sulfate production capacity of the system to allow traditional

measurements with high precision, such as isotope ratio mass spectrometry (Ono et al.,

2006).

The fractionation factors presented in this paper will allow stable sulfur isotopes to

be used to understand the partitioning between these pathways in atmospheric samples,

particularly if ∆17O of sulfate is also measured to allow differentiation between oxidation

by H2O2, O3 and all other oxidants. The combined effect of uncertainty and variation in

the isotopic composition of sources, and fractionation during oxidation, means field studies

need to simultaneously measure both SO2 and sulfate isotopic composition to gain insight

into the sulfur cycle. Combining modelling with field studies of sulfur isotopes in the
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atmosphere can then use these fractionation factors to gain an increased understanding

of the sulfur cycle and its effect on radiative forcing, aerosols and cloud condensation

nuclei. Based on the unique fractionation factor of the reaction, sulfur isotope ratios will

be particularly useful to constrain the importance of transition metal-catalysed sulfur

oxidation in the atmosphere, which was the only reaction found to favour the light isotope

in the current study.
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Chapter 3

Fractionation of sulfur isotopes

during heterogeneous oxidation of

SO2 on sea salt aerosol: A new tool

to investigate non-sea salt sulfate

production in the marine boundary

layer

This chapter is published for discussion as Harris, E., Sinha, B., Hoppe, P., Foley, S., and

Borrmann, S. (2012) Atmospheric Chemistry and Physics Discussions, 12, 2707-2742,

doi:10.5194/acpd-12-2707-2012.

3.1 Introduction

Sea-salt aerosol is the dominant form of aerosol in the marine environment. The potential

for heterogeneous oxidation of SO2 on sea salt aerosol was first appreciated when ambient

measurements showed that excess non-sea salt sulfate (nss-sulfate), particularly in coarse

particles, could not be explained by homogeneous oxidation and in-cloud processes alone

(Sievering et al., 1991). Oxidation of SO2 in sea salt aerosol can reduce marine boundary

layer (MBL) SO2 concentrations by up to 70%, limiting gas phase production of H2SO4

and thus reducing or preventing new particle nucleation and CCN production (Chameides

and Stelson, 1992; Katoshevski et al., 1999; Alexander et al., 2005). Sulfate production
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3. Heterogeneous oxidation on sea salt

on sea salt aerosols shifts the sulfate size distribution towards coarse particles, leading to

faster removal from the atmosphere, while having a relatively small effect on the CCN

activity of the hygroscopic sea salt particles (Chameides and Stelson, 1992; Sievering et al.,

1995; von Glasow, 2006). The effects of heterogeneous SO2 oxidation on the sulfur cycle

in the MBL are particularly important due to the low albedo of the ocean and the strong

climatic effect of marine clouds (von Glasow and Crutzen, 2004).

There are a number of different pathways by which SO2 can be oxidised on sea salt

aerosol. Oxidation can occur directly on deliquescent aerosol, or in clouds when sea

salt aerosol has acted as a CCN. Ozone is thought to be one of the most important

oxidants in the MBL (Chameides and Stelson, 1992; Sievering et al., 1995). However,

oxidation by ozone is strongly pH dependent and self-limiting as aerosol becomes acidified

following sulfate production. The amount of sulfate generated by this pathway is therefore

constrained by the alkalinity of the aerosol and the concentration of other gases, such as

HNO3, which also titrate alkalinity (Chameides and Stelson, 1992; Zhang and Millero,

1991; von Glasow and Sander, 2001; Hoppel and Caffrey, 2005). Thus, O3 can only

efficiently oxidise SO2 in sea salt aerosol in the first 10-20 minutes following emission,

and oxidation by O3 occurs mainly in the lowest 50-100 m of the MBL, which leads

to rapid deposition of the sulfate produced (Chameides and Stelson, 1992; von Glasow

and Sander, 2001; von Glasow and Crutzen, 2004). Field measurements and laboratory

studies commonly find that sulfate production is larger than would be expected from the

neutralisation capacity of sea salt aerosol estimated from the alkalinity of bulk sea water

(Sievering et al., 1999; Caffrey et al., 2001). Two explanations have been proposed: i)

oxidants other than O3 play a more important role than currently known, and ii) the

alkalinity of sea salt aerosol is larger than the alkalinity of bulk sea water.

The alkalinity of sea salt aerosol is somewhat higher than the alkalinity of bulk sea

water due to shifting of the carbonate equilibrium with evaporation, however this is

insufficient to explain excess sulfate concentrations (Sievering et al., 1999). As sea salt

aerosol form from bursting bubbles, they efficiently skim the surface microlayer which can

have high alkalinity due to cations associated with organic molecules and biogenic skeletal

fragments. This could provide up to 2.5 times additional alkalinity at typical marine sites,

and >200 times more at especially favourable sites (Sievering et al., 1999, 2004). Laskin

et al. (2003) proposed that interface reactions between ·OH (g) and surface chloride ions

could also generate excess alkalinity in sea salt aerosol, however observations and models

show that this pathway will account for <1% extra sulfate production in the ambient

environment (Sander et al., 2004; Keene and Pszenny, 2004; Alexander et al., 2005; von
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3. Heterogeneous oxidation on sea salt

Glasow, 2006).

Several reactions have been identified that may be as or more important than oxidation

by O3 in the marine boundary layer. Oxidation by H2O2 is believed to be unimportant

and contributes <4% of nss-sulfate (Gurciullo et al., 1999). Transition metal ions and

radicals such as Fe3+, ·Br, ·OH and ·Cl can initiate radical chain reactions in which SO2 is

oxidised by O2 (Zhang and Millero, 1991). In a chamber study with sea salt and pure NaCl

aerosols, Hoppel et al. (2001) saw production of sulfate but no uptake of ozone. They

proposed that oxidation catalysed by ·Cl, which is second order in [SO2], is the dominant

oxidation pathway in the MBL at high SO2 concentrations (Hoppel and Caffrey, 2005).

However, oxidation by ·Cl catalysis, like oxidation by O3, is strongly pH dependent and

limited by alkalinity. Oxidation by hypohalites and hypohalous acids (HOX) is not limited

by alkalinity and may be the ‘missing’ oxidation pathway in MBL models (von Glasow,

2006), although at low pH HOCl and HOBr are converted to Cl2, Br2 or BrCl according

to (IUPAC, 2009):

HOCl + H+ + Cl− → Cl2 + H2O (3.1)

Oxidation by HOBr is faster, however HOCl is likely to be the more important oxidant

due to the relative abundances of Br and Cl (Troy and Margerum, 1991). von Glasow

et al. (2002) modelled oxidation in the MBL and found that under almost all conditions,

HOCl - not O3 - was the dominant oxidant for SO2.

3.2 Sulfur isotopes in the marine environment

The isotopic composition of sulfate in the environment reflects its sources, transport and

chemistry, so stable isotopes of oxygen and sulfur in nss-sulfate can be especially useful to

investigate the different oxidation pathways of SO2 in the MBL. Sulfur has four naturally-

occurring stable isotopes: 32S, 33S, 34S and 36S. The isotopic composition of a sulfur sample

is described with the delta notation, which is the ratio of a heavy isotope to the most

abundant isotope (32S) in the sample compared to a standard ratio and expressed in

permil:

δxS =
( n(xS)
n(32S)

)sample

( n(xS)
n(32S)

)V−CDT

− 1 (3.2)

where n is the number of atoms, xS is one of the heavy isotopes, 33S, 34S or 36S, and V-

CDT is the international sulfur isotope standard, Vienna Canyon Diablo Troilite, which

has isotopic ratios of 34S/32S = 0.044163 and 33S/32S = 0.007877 (Ding et al., 2001). The

kinetic isotope fractionation factor (α) is represented by the ratio of the heavy to the
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light isotope amount in the instantaneously formed product divided by the ratio in the

reactant:

α34 =
(n(34S)
n(32S)

)products

(n(34S)
n(32S)

)reactants

(3.3)

Values of α34 are characteristic for different reaction pathways and will therefore be useful

to investigate the different oxidation pathways for SO2 in the marine environment.

The major sources of sulfate in the marine environment are isotopically distinct: sea

salt sulfate has a δ34S of 21‰ (Rees et al., 1978), marine biogenic nss-sulfate has a δ34S

between 12 and 19‰ (Calhoun et al., 1991; Sanusi et al., 2006), and anthropogenic sulfur

emissions are often lighter, although there is significant variation between sources (Krouse

et al., 1991; Nielsen et al., 1991). Sulfur isotope fractionation during SO2 oxidation has not

usually been considered in analyses of MBL sulfate as the fractionation factors were not

well known: α34 for gas phase oxidation of SO2 by ·OH radicals and for aqueous oxidation

by H2O2 and O3 were presented in Chapter 2, but the effect of heterogeneous processes

on complex environmental substrates such as sea salt aerosol have not been measured.

The results in Chapter 2 suggested isotopic fractionation during aqueous oxidation may

increase at higher pH, however the pH dependence was within the uncertainty of the

measurements. Sea salt aerosols have much higher pH than typical cloud droplets, thus

the pH dependence of isotopic fractionation will be particularly important in the MBL.

This study presents measurements of 34S/32S fractionation during SO2 oxidation in

sea salt aerosol and NaOCl aerosol, and examines the role of pH, ozone and irradiation in

determining isotopic fractionation. We demonstrate that stable sulfur isotope ratios can

be used to constrain the contributions of different oxidation pathways to sulfate formation

in the MBL, and will be particularly useful in combination with ∆17O measurements

to determine the importance of alkalinity-limited pathways compared to alkalinity non-

limited pathways.

3.3 Methods

3.3.1 Experimental set-up

Dependence of isotopic fractionation on pH

The pH dependence of isotopic fractionation during sulfate production was measured by

oxidising SO2 in buffer solutions at high and low pHs. Two bubblers in series were used:

the first bubbler contained buffer solution, along with 1% H2O2 to oxidise SO2, and the
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3. Heterogeneous oxidation on sea salt

second buffer contained 6% H2O2 to collect residual SO2 as sulfate as described in Section

2.3.4. 600 cm3 min−1 (at standard conditions of T = 273.15 K, P = 1013.25 mBar)

of 7 ppm SO2 gas (Linde AG) in synthetic air (Westfalen AG, 20.5 % O2 in N2) was

passed through the bubblers for 8-9 hours. Two buffer solutions were used: The first

buffer contained 0.1 M H3PO4 and 0.1 M KH2PO4 and had an initial pH of 2.1, and the

second buffer contained 0.1 M KH2PO4 and 0.1 M K2HPO4 and had an initial pH of 7.2

(Moore et al., 2005). The buffer concentration is >150 times in excess of the maximum

acidity generated if all the SO2 was oxidised to sulfate, thus the buffer pH will not change

significantly during the course of the experiment. The phosphate buffer system was chosen

as it allows the pH to be held at two atmospherically-relevant values (pH ∼2 represents

the lower boundary of typical cloud water pH and can be reached in sea salt aerosol in

highly polluted areas, while the pH of sea water is 7.5-8.5; Sander and Crutzen 1996; van

Loon and Duffy 2000) without the large change in the chemical environment that would

be introduced by using different buffer systems for the two pHs.

Experiments at each of the two pHs were run in duplicate. Following the experiments,

BaCl2 was added to the solutions from the bubblers to precipitate sulfate as BaSO4. The

BaSO4 was collected on Nuclepore track-etch polycarbonate membrane filters (Whatman

Ltd.) with 0.2 µm pores, which had been coated with a 10 nm thick gold layer using a

sputter coater (Bal-tec GmbH, Model SCD-050) prior to sample collection. The BaSO4

was then analysed in the NanoSIMS as described in Section 3.3.3. The reacted fraction

was found from isotope mass balance between the products and the reactants:

δ34Si = f · δ34SSO2 + (1− f) · δ34Ssulfate (3.4)

where f is the fraction of reactant (SO2) remaining and δ34Si, δ
34SSO2 and δ34Ssulfate are

the isotopic compositions of the initial SO2 gas, residual SO2 gas and product sulfate

respectively. The sulfate generated could not be determined gravimetrically due to inter-

ference from co-precipitated barium phosphates. More than 5% of the SO2 was oxidised,

thus the isotopic composition of the SO2 reservoir was affected by the reaction and the

fractionation factors must be calculated according to the Rayleigh equations, which de-

scribe the relationship between accumulated product and reactant isotopic composition

and reaction extent (Mariotti et al., 1981; Krouse and Grinenko, 1991):

α34 =
lnRr

R0

lnf
+ 1 (3.5)

α34 =
ln(1− Rp

R0
(1− f))

lnf
(3.6)
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where R0, Rr and Rp are the isotope ratios 34S/32S for the initial SO2 gas, the residual

SO2 gas and the product sulfate respectively and f is the fraction of reactant remaining

following the reaction as in Equation 3.4.

Aqueous oxidation in droplets

SO2 oxidation in aqueous aerosol was measured with three different solutions using the

apparatus shown in Figure 3.1: Pure water (LiChrosolv chromatography water, Merck

GmbH), synthetic sea salt solution and NaOCl solution. The pure water solution was used

to measure the background (when no oxidant was added) and to measure the fractionation

factor from SO2 oxidation by O3. Commercial NaOCl (reagent grade, Sigma-Aldrich

GmbH) was diluted 1:20 with MilliQ water to make the NaOCl solution with 0.5-0.75%

active chlorine. The synthetic sea salt solution is described in the next subsection.

N2 gas
2.5 bar

Aerosol 
solution

Aerosol generator

Aerosol
dryer

SO2/O3/
synthetic air inlets

Conductive carbon tubing

Steel reactor

50˚C to dry aerosol 
before collection

Filter holder

Humidity
inlet

Lamp can be added 
to irradiate aerosol

Figure 3.1: Experimental set-up used to investigate isotopic fractionation dur-

ing the oxidation of SO2 by sea salt aerosol.

Aerosol was generated from the solutions with an atomizer built in-house: 2.5 bar

N2 6.0 (Westfalen AG) expanded through a small orifice to form a high velocity gas jet

which atomized the liquid as it was sucked up from a reservoir. Only fine spray leaves

the atomizer as large droplets are removed by impaction on the wall facing the jet. PFA

fittings were used for all connections. The reactor was made of steel and carbon-coated

tubing was used to minimise aerosol loss through electrostatic attraction. The size and

volume distributions measured with an optical particle counter (OPC; Grimm Portable

Aerosol Spectrometer, Model 1.108) and a scanning mobility particle sizer (SMPS; TSI
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Electrostatic Classifier, Model 3080 coupled to TSI Ultrafine CPC, Model 3025A) are

shown in Figure 3.2. The aerosol was passed through a drier containing silica gel, which

reduced the volume of aerosol by 20% for the sea salt solution and ∼90% for pure water

and NaOCl solution, and shifted the size distribution towards smaller particles.
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Figure 3.2: Size, surface area and volume distributions of aerosol produced from

various solutions: synthetic sea salt solution is shown in blue, water is shown in orange

and NaOCl solution is shown in green. Individual points represent measurements while

solid lines show fits to a log-normal distribution before the aerosol was dried. The log-

normal fit following the dryer is shown as a dashed line. The axis on which each aerosol

type is plotted is indicated with arrows.
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50 cm3 min−1 of SO2 gas (Linde AG, 102 ppm ± 2% in synthetic air) was added to the

reactor along with 300 cm3 min−1 of aerosol in N2, 100 cm3 min−1 of humidified synthetic

air (Westfalen AG, 20.5% O2 in N2), and 100 cm3 min−1 of extra synthetic air, giving a

total flow of 550 cm3 min−1, a relative humidity of ∼35%, and an SO2 concentration of 9

ppm. The reactor was 55 cm long and had a diameter of 8 cm, resulting in a residence

time for the aerosol of 302 seconds. The reacted aerosol was collected on a Nuclepore

track-etch polycarbonate membrane filter (Whatman Ltd.) with 0.2 µm pores. The filter

was changed every 1.5 - 3.5 hours depending on the accumulation of aerosol. Following

each experiment, the filters were extracted for 30 minutes in an ultrasonic bath, rinsed,

and extracted for another 30 minutes. The rinses and extracts were collected and BaCl2

was added to precipitate sulfate as BaSO4, which was then collected by filtration on to

gold-coated Nuclepore filters. One sample of sea salt aerosol + O3 (ssaltO3, see following

paragraph) was collected directly on to a gold-coated Nuclepore filter and analysed as

untreated sea salt + sulfate particles, as this more closely resembles sea salt sampling

in field campaigns. This sample will be referred to as ‘ssaltO3direct’. However, the

concentration of sea salt in the droplets was so high that this sample could only be

collected for <20 minutes before the filter was too heavily loaded for NanoSIMS analysis.

The aerosol was subjected to a number of different conditions, to investigate the effect

of various parameters on SO2 oxidation. 20 ppm ozone was added by passing the 100 cm3

min−1 extra synthetic air flow over a low-pressure mercury vapour lamp (Jelight Company

Inc., USA) in 6 experiments. The aerosol itself was passed over the high-energy UV light

from the low-pressure mercury vapour lamp before entering the reactor in 8 experiments,

to investigate the effect of ·OH radicals and other compounds resulting from irradiation.

This was done before mixing with synthetic air and SO2 to avoid O3 production and

SO2 photolysis, and as close to the reactor inlet as possible to minimise loss of radicals.

All experiments are summarised in Table 3.1 along with abbreviations that will be used

throughout this paper.
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Table 3.1: Experiments to investigate isotopic fractionation during oxidation of

SO2 on sea salt aerosol. 1SO2 flow was replaced with synthetic air to measure sulfate in

sea salt samples that had not been exposed to SO2. 2Collected directly on a gold-coated

filter and analysed in the NanoSIMS without extracting to BaSO4.

Abb. Solution O3 Irradiated Run Length

(hours)

ssaltblank1 sea salt 7 7 1 7.0

2 3.2

3 8.6

ssalt sea salt 7 7 1 7.8

2 8

ssaltO3 sea salt 3 7 1 8

2 7.9

ssaltO3direct2 sea salt 3 7 1 0.3

2 0.3

ssaltirr sea salt 7 3 1 10.2

2 8.4

ssaltirrO3 sea salt 3 3 1 7.0

2 7.8

OCl NaOCl 7 7 1 7.6

2 7.6

OClirr NaOCl 7 3 1 7.7

2 7.0

waterA pure water 7 7 1 7.8

waterAO3 pure water 3 7 1 7.8

2 8.5
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Seawater preparation

Synthetic sea salt was prepared according to Kester et al. (1967) and Millero (1974). How-

ever, Na2SO4 was replaced with NaCl to avoid background sulfate in the solution, which

would complicate measurements of the isotopic fractionation during sulfate production.

The compounds used to prepare the sea salt solution along with their contributions to

background sulfate are shown in Table 3.2. The sea salt stock solution, as shown in the

table, was four times more concentrated than actual sea water. Its pH was measured to be

7.7 and the alkalinity (approximated as 0.005[Na+]; Sievering et al. 2004; Chameides and

Stelson 1992) was 10 mmol L−1. When used for aerosol generation, this was diluted to

be twice as concentrated as normal sea water to represent the increased concentration of

atmospheric sea salt aerosol compared to sea water due to evaporation and other processes

occurring during and after emission (Sievering et al., 1999). Following drying the aerosol

will be ∼3 times more concentrated than sea water. Sea salt aerosols are commonly up

to ten times more concentrated than sea water (Sander and Crutzen, 1996), however this

high concentration could not be achieved in the system as precipitating salts then caused

small orifices to clog very quickly.
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3. Heterogeneous oxidation on sea salt

3.3.2 SEM Analysis

A LEO 1530 field emission scanning electron microscope (SEM) with an Oxford Instru-

ments ultra-thin-window energy-dispersive x-ray detector (EDX) was used to quantify the

sulfate produced in the droplet experiments. The SEM was operated with an accelerating

voltage of 10 keV, a 60 µm aperture and a working distance of 9.6 mm. ‘High current

mode’ was used to increase the EDX signal and improve elemental sensitivity. The SEM

was run in automatic mode and took 400 evenly-spaced images of each filter at 19 500×
magnification. The EDX spectrum was measured with a 1 second integration time at 25

points on a 5 × 5 grid for each image, leading to 10 000 EDX measurements across each

filter. The quantity of sulfate on each filter was then determined by estimating the back-

ground from both the Gaussian distribution of the gold signal and the quartile method,

as described in Section 2.3.5. This quantification method is ideal for NanoSIMS studies,

as quantification is achieved without extra sample treatment and the limit of detection is

very low. The precision is fairly low (∼40%, decreasing with increasing BaSO4 quantity

due to Poisson statistics) and the method is not ideal for samples with a large amount

of BaSO4 due to the possibility of the sample flaking off the filter during mounting. The

precision of quantification did not affect the calculated isotopic fractionation factors as the

SEM quantification was only used to estimate reactive uptake coefficients in the different

aerosol types.

3.3.3 NanoSIMS analysis

The sulfur isotopic composition was determined with the Cameca NanoSIMS 50 ion probe

at the Max Planck Institute for Chemistry in Mainz (Hoppe, 2006; Groener and Hoppe,

2006). The NanoSIMS 50 has high lateral resolution (<100 nm) and high sensitivity and

can simultaneously measure up to five different masses through a multicollection system,

allowing high precision analysis of the small sample quantities required for this study.

The use of this instrument to analyse sulfur isotope ratios is described in detail elsewhere

(Winterholler et al., 2006, 2008) so only a brief description will be given here.

BaSO4 is analysed directly without further processing after it is collected on gold-

coated filters as described in Section 3.3.1. The ssaltO3direct sample and all other sam-

ples with a particularly high BaSO4 loading were gold-coated on top of the sample before

NanoSIMS analysis to prevent excessive charging. The analysis conditions were the same

as those described in Section 2.3.5. To correct for instrumental mass fractionation (IMF)

in ssdirectO3, which consisted of NaSO4 rather than BaSO4, the IMF correction for NaSO4
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relative to BaSO4 from Winterholler et al. (2008) was used, along with an Na2SO4 stan-

dard (VWR GmbH) for control. The reported results for each experiment are the average

of at least 5 measurement spots weighted according to the counting statistical error, as

described in Section 2.3.5.

3.4 Results and discussion

3.4.1 Background and interferences

The background sulfate production in the absence of an added oxidant was measured

by running the reactor with MilliQ water and SO2. The SEM measurements showed

that 0.65±0.74 nmol hr−1 of sulfate was generated, with a δ34S of 17.0±4.7‰. This

is consistent with measurements of SO2 aqueous oxidation (δ34S = 15.1±1.3‰) and of

sulfate production from SO2 on glass walls in the absence of an added oxidant (δ34S

= 13.0±1.5‰) (Section 2.4.2), showing that the background sulfate is produced from

aqueous oxidation by oxidising impurities in the MilliQ water and/or on the reactor walls.

The background contributes <13% of sulfate to all samples and a correction was made to

take this into account when calculating the fractionation factors.

Background sulfate will also be present in the sea salt aerosol experiments from the

sea salt mixture itself. The predicted background of sulfate was <9.7×10−6 nmol hr−1,

calculated from the maximum impurity levels in the salts used for preparation and the

total volume of aerosol measured by OPC and SMPS. This was tested by running the

reactor with sea salt aerosol but no SO2. 0.01±0.01 nmol hr−1 of sulfate was measured

on the sea salt blank filters in the SEM. The SEM value may be higher than the actual

quantity due to the extremely small amount of sulfate present and the difficulty of sep-

arating the gold and sulfur peaks in the EDX (see Section 2.3.5). The two blank filters

were also examined in the NanoSIMS. Four (two per filter) 40 x 40 µm images integrating

the signal over ∼15 minutes were taken to test if any sulfate particles could be seen. Only

one sulfate particle was noticeable, on a total filter area of 9600 µm2. This results in a

blank of 1 particle in >900 analyte particles. Such a blank can be caused by deposition

of laboratory dust or by dislodging particles from another filter during handling of the

sample. 5 x 5 µm isotope analyses were taken to quantify the 32S signal from the salt

on the filter. The average count rate was 61±61 counts per second for 9 analyses taken

at random points on the two blank filters. This is not significantly different from the

background count rate of untreated Nuclepore filters (32 counts per second). Thus, the

background sulfate contributed by the sea salt solution is insignificant and does not need
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to be corrected for in the following analyses.

The ssaltO3direct sample was measured to test if extra fractionation was introduced

by extracting the collected sulfate and precipitating it as BaSO4. The IMF for Na2SO4

was measured to test that different instrumental conditions had not affected the cor-

rection for NaSO4 relative to BaSO4; the measured relative IMF agreed with the value

quoted in Winterholler et al. (2008). The value in Winterholler et al. (2008) was used

for the correction as it has a smaller uncertainty than the value measured in the present

study. The fractionation measured for ssaltO3direct agreed with the sea salt samples

that were extracted and analysed as BaSO4, with measured fractionation factors of α34

= 1.014±0.011 and α34 = 1.0137±0.0035 respectively. This shows that no information is

lost and no isotopic fractionation is introduced by extracting and precipitating the sulfate

as BaSO4 for analysis. The counting statistical error for ssaltO3direct was very high as

the sample could only be collected for <20 minutes before the filter loading was too high

for NanoSIMS analysis (>5 µm-thick cover over whole filter).

3.4.2 Dependence of isotopic fractionation on pH during aque-

ous oxidation by H2O2

The fractionation factors measured at high and low pH are shown in Table 3.3. These

measurements can be used to assign the fractionation to each step of (Eriksen, 1972a):

SO2(g) 
 SO2(aq) (3.7)

SO2(aq) + H2O 
 H2SO3 (3.8)

H2SO3 
 HSO−
3 + H+ (3.9)

HSO−
3 
 SO2−

3 + H+ (3.10)

Equation 3.9 has a pKa of 1.77 and Equation 3.10 has a pKa of 7.19 (Moore et al., 2005).

Chmielewski et al. (2002) measured the fractionation factor for phase change (Equation

3.7) to be αphase = 1.00256±0.00024 at 18◦C. The fractionation factors for hydration

(Equation 3.8) and the first proton loss (Equation 3.9) can be found by plotting the

fractionation factors at pH = 2.1 and pH = 4 against the fraction of HSO−
3 : The intercept

at f(HSO−
3 ) = 0 gives the fractionation factor for hydration as αhydration = 1.0105±0.0037,

and the increase in fractionation at f(HSO−
3 ) = 1 gives the fractionation factor for the

first proton loss as αKa1
= 1.0042±0.0037 (Figure 3.3). A plot of the fractionation factors

at pH = 4 and pH = 7.2 against the fraction of SO2−
3 can be used to find the fractionation

factor for the second proton loss (Equation 3.10) at the intercept where f(SO2−
3 ) = 1: αKa2
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= 1.0052±0.0044. Previous results have shown that the terminating oxidation reaction

is unimportant for isotopic fractionation at this level of uncertainty (Section 2.4.1). The

measurements and fractionations introduced at each step from SO2 (g) to SO2−
3 (aq) are

summarised in Figure 3.3.

Table 3.3: Fractionation factors for SO2 uptake and oxidation at different pH

values. Values at pH = 2.1 and 7.2 were measured at 19◦C during the aqueous oxidation

of SO2 in 1% H2O2 at two different pHs. The fractionation factors are the average of

duplicate experiments and the uncertainty is the 1σ error in the measurements. 1pH =

4 was measured by Egiazarov et al. (1971) and does not include a terminating oxidation

reaction.

pH f(H2SO3) f(HSO−
3 ) f(SO2−

3 ) α34 1σ

2.1 0.46 0.54 0 1.0154 0.0037

41 0 1 0 1.0173 0.0003

7.2 0 0.5 0.5 1.0199 0.0024

  SO2 (g)   SO2 (aq) H2SO3 HSO3
- SO3

2-
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Figure 3.3: Fractionation of 34S/32S at the different stages of SO2 (g) →→ SO2−
3

(aq). The blue line and error bars show the cumulative change in δ34S as the reactions

proceed. The crosses show measurements: yellow crosses are results from this paper, the

pink cross is from Chmielewski et al. (2002) and the purple cross is from Egiazarov et al.

(1971). All values are shown for 18-19◦C.
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3.4.3 Sulfate production rate during aqueous oxidation in droplets

The quantity of sulfate produced from 9 ppm SO2 (11.5 µmol hr−1) in the different droplet

experiments is shown in Figure 3.4. The amount of sulfate generated in sea salt aerosol

in the presence and absence of O3 is not significantly different. Sulfate generation from

oxidation by O3 is limited by alkalinity, so this suggests that either i) another pathway

also limited by alkalinity is fast enough to titrate alkalinity completely in the absence

of O3, or ii) O3 has no significant role in oxidation in sea salt aerosol, even when it is

present in the reactor air. Hoppel et al. (2001) conducted chamber oxidation experiments

for SO2 in sea salt aerosol and found oxidation was dominated by ·Cl-catalysis: the ‘ZM

mechanism’ (Zhang and Millero, 1991). This pathway is alkalinity-limited and favoured

at high SO2 concentrations (Hoppel and Caffrey, 2005), and it is the most likely oxidation

pathway to be acting complementary to O3 in the sea salt experiments.

Rough estimates of the uptake coefficients for the different experiments were made.

The observed reactive uptake coefficient γobs for sulfate production represents a combina-

tion of mass transfer, accommodation and reaction limitations. It is approximated at low

conversion to product according to (Jayne et al., 1990):

γobs =
4Fg
c̄A

∆n

n
(3.11)

where Fg is the carrier gas flow rate (cm3 s−1), c̄ is the mean thermal velocity (cm

s−1;
√

3kBT
m

), A is the total droplet surface area (cm2) and ∆n
n

is the reduction in gas

concentration. The reduction in SO2 was approximated as the sulfate production rate

and therefore does not consider S(IV) (aq) that was taken up but not oxidised.

The uptake coefficients for NaOCl aerosol are very high, and significantly higher with-

out irradiation (γobs = 0.20 ± 0.10 and 0.49 ± 0.04 with and without irradiation respec-

tively). Oxidation of sulfite by HOCl proceeds via nucleophilic attack of SO3−
2 on HOCl

which results in Cl+ transfer to form ClSO−
3 (Yiin and Margerum, 1988). Hydrolysis of

chlorosulfuric acid to form sulfate, H+ and Cl− is the rate-limiting step, thus the aerosol

will not be acidified as rapidly as with other oxidation mechanisms (Yiin and Margerum,

1988; Fogelman et al., 1989; Troy and Margerum, 1991), which may partially explain the

very high reactive uptake coefficient. Irradiation could speed up the hydrolysis of ClSO−
3 ,

decreasing the reactive uptake coefficient.

The values of γobs measured for the sea salt aerosols (average γobs = 0.0009± 0.0002)

are much lower than those for OCl droplets, and also lower than previously reported val-

ues: Jayne et al. (1990) measured γ = 0.028±0.005 at pH 6-8 and Gebel et al. (2000)
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Figure 3.4: Rates of sulfate production and reactive uptake coefficients for

SO2 (g) oxidation in different aerosol types subject to various experimental

parameters.
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measured an initial uptake coefficient of γi = 0.09 which decreased rapidly with a t−1/2

dependence. The low reactive uptake coefficients in this study are due to fast exhaustion

of the alkalinity in the aerosols followed by much slower uptake in the acidified aerosols,

resulting in low γobs for the overall experiment. Similar behaviour of the SO2 uptake coef-

ficient for sea salt aerosol was seen by Gebel et al. (2000). The values of γobs measured for

the irradiated sea salt experiments are slightly higher than without irradiation, although

the difference is within the experimental error. This suggests a small production of alka-

linity from ·OH radicals due to reactions such as those described by Laskin et al. (2003);

the effect of this pathway is expected to be more significant in the laboratory than in the

ambient environment due to the absence of methane and acids such as HNO3 (Keene and

Pszenny, 2004; von Glasow, 2006). The uptake coefficient for waterAO3 is 0.13±0.14, thus

it is not significantly different to ssaltO3, however the error in the estimate for waterAO3

is high as the absolute amount of sulfate and the aerosol number concentration are both

low, leading to high measurement errors for both parameters.

3.4.4 Fractionation of sulfur isotopes during uptake and oxida-

tion in droplets

In all droplet experiments, <3% of SO2 reacted to form sulfate, therefore the isotopic

composition of the product sulfate can be directly taken as the α34 without considering

Rayleigh fractionation effects due to depletion of the reservoir (see Mariotti et al. 1981;

Krouse and Grinenko 1991). The measured fractionation factors are shown in Figure 3.5

and Table 3.4. Irradiation and ozone did not cause significant changes in the measured

fractionation factors: The fractionation factors under all experimental conditions for the

two different droplet types (NaOCl and sea salt aerosols) agree within the measurement

error, and the total average α34 values for the two droplet types are also shown in Table 3.4.

Fractionation of 33S/32S was mass-dependent with respect to 34S/32S for all experiments.

The α34 for waterAO3 (α34 = 1.0157±0.0031) agreed with the low pH value from

Section 3.4.2 (α34 = 1.0154±0.0037) and with previous measurements of oxidation by O3

in water (α34 = 1.0174±0.0028; Section 2.4.1), confirming that microphysical effects of

droplet vs. bulk do not effect fractionation, and that the terminating oxidation for aqueous

oxidation by O3 and H2O2 oxidation is unimportant compared to the phase change and

aqueous S(IV) equilibria. An overall α34 of 1.0163±0.0018 for oxidation by O3 in water was

calculated as a weighted average from this chapter and the previous value. This average

represents oxidation at low pH even in non-buffered solutions, because although O3 reacts

several orders of magnitude faster with SO2−
3 than with HSO−

3 , sulfate production will
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Figure 3.5: Fractionation factors for the uptake and oxidation of SO2 by droplets

of pure water, sea salt aerosol and NaOCl aerosol. Pale points are the individual

experimental runs for each set of conditions, while dark points show the average with 1σ

error bars. The grey line represents mass dependent fractionation and the black crosses

show previously measured fractionation factors from Section 2.4.1.
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Table 3.4: Fractionation factors for the uptake and oxidation of SO2 by droplets

of pure water, sea salt aerosol and NaOCl aerosol. Values in bold are the averages

for a particular aerosol type; for the oxidation of SO2 in pure water aerosol by O3, the

present value is averaged with previous measurements from Section 2.4.1. n is the number

of measurements and 1σ is the error of the measurements.

n α34 1σ α33 1σ

waterAO3 13 1.0157 0.0031 1.0022 0.0034

water + O3 1.0163 0.0018 1.0117 0.0207

ssalt 16 1.0137 0.0029 1.0087 0.0055

ssaltO3 18 1.0136 0.0037 1.0063 0.0033

ssaltirr 14 1.0147 0.0046 1.0068 0.0052

ssaltirrO3 15 1.0089 0.0032 1.0043 0.0036

sea salt 1.0124 0.0017 1.0061 0.0020

OCl 18 0.9872 0.0049 0.9930 0.0053

OClirr 15 0.9893 0.0054 0.9956 0.0045

NaOCl 0.9882 0.0036 0.9946 0.0034

quickly acidify water until the pH is low enough for the [SO2−
3 ] to be negligible.

The fractionation factor for oxidation in NaOCl solution will represent oxidation by

HOCl, as the pKa of HOCl is 7.53 so the [OCl−] will be negligible in acidic solution,

and the rate constant for oxidation of sulfite by HOCl is >4 orders of magnitude higher

than for OCl− (Yiin and Margerum, 1988; Shaka et al., 2007). The measured value of

α34 (0.9882±0.0036) is not significantly different to oxidation by a radical chain reaction

initiated by Fe(III) (α34 = 0.9905±0.0031; Section 4.4.2), although the mechanisms are

not similar. This suggests that following the equilibrium fractionation of 17.3±3.7‰ for

SO2 (g)↔ HSO−
3 at 19◦C, kinetic effects related to fundamental differences in the energy

and stability of sulfite and sulfate - which are common to both reactions - cause kinetic

fractionation of -28‰.

The fractionation factor for oxidation in sea salt aerosol (α34 = 1.0124 ± 0.0017)

is lower than the fractionation factor for aqueous oxidation of SO2−
3 (α34 = 1.0225 ±

0.0044), although the high pH and ionic strength of sea water mean SO2−
3 would be the

dominant species oxidised by O3 or ·Cl catalysis, thus showing the role of oxidation by

HOCl in sea salt aerosol. Transition metal ions capable of catalysing oxidation (eg. Fe,

Mn, V; Herrmann et al. (2000); Rani et al. (1992)) were not added to the synthetic

sea salt mixture, so the contribution of HOCl oxidation to the total oxidation in sea
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salt aerosol can be estimated by comparing the overall fractionation in sea salt aerosol

to fractionation factors for SO2 (g) → SO2−
3 (aq) and oxidation by HOCl. This shows

that HOCl contributes 29±9% of oxidation in sea salt aerosol under the conditions of this

study. The measured α34 in sea salt aerosol is lowest for ssaltirrO3, although the difference

between the fractionation factors for ssaltirrO3 and ssaltO3 is within the experimental

error. The ssaltirrO3 sample would be expected to have the highest concentration of

hypochlorous acid from interface reactions where O3 photolysis leads to formation of ·OH

and subsequently HOCl (see Oum et al. (1998) and Knipping et al. (2000) for details).

HOCl is calculated to contribute 40±16% of oxidation in this experiment.

The calculated contributions of the HOCl pathway are expected to be a minimum

compared to the actual atmospheric proportion as HOCl oxidation is not pH limited,

thus although it contributes only 29% of oxidation in the short timescale of this study

it could become the major oxidation pathway over the lifetime of sea salt aerosol in

the marine environment (von Glasow et al., 2002). Although the partitioning between

oxidation mechanisms in this study will not be representative of the marine environment

due to the complex relationship between oxidation pathways and alkalinity, light, droplet

size, and reactant concentrations, the results show that sulfur isotopes are very useful to

investigate relative contributions of these oxidation pathways.

3.4.5 Comparison to field observations

A number of studies have used oxygen and sulfur stable isotopes to investigate sources and

oxidation pathways of sulfate in the marine boundary layer (MBL). Many of these studies

have employed a three-source mixing scheme, explaining the isotopic observations with

mixing between heavy sea salt sulfate and marine biogenic nss-sulfate, and a light source

that is attributed to anthropogenic or continental sulfate (Patris et al., 2000; Wadleigh,

2004; Turekian et al., 2001). The general success of this mixing model suggests isotopic

fractionation has overall only a small effect on measured δ34S of nss-sulfate, thus it is likely

the amount of sulfate produced by 34S-enriching, alkalinity limited pathways (O3 oxidation

and ·Cl-catalysis) is roughly equal to that from 34S-depleting pathways (Fe-catalysis and

hypohalite oxidation).

Field measurements of δ34S in marine environments are often lower than expected

and many even fall below the three-source mixing region, while measurements for this

regime are rarely enriched in 34S compared to the three-source mixing region (Wadleigh,

2004). In some samples an isotopically-light ‘continental’ influence was seen although

the back trajectories showed a pure marine origin of the air mass (Patris et al., 2000).
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δ34S of nss-sulfate is lower in smaller particles, which has been attributed to a larger

continental influence in these particles (Turekian et al., 2001; Patris et al., 2000, 2007).

These observations could all be explained by the influence of oxidation pathway on isotopic

composition. It appears that under some atmospheric conditions the HOCl/Fe pathways

are favoured over the O3/Cl-catalysis pathways, leading to sulfate more depleted in 34S.

This may be when alkalinity is low due to low winds, or when aerosols have a longer lifetime

to accumulate nss-sulfate after alkalinity has been depleted. Alkalinity is depleted in

smaller aerosols faster than in larger aerosols, thus the partioning between the alkalinity-

limited pathways and HOCl/Fe oxidation can account for the lower δ34S values observed

in smaller particles.

The triple oxygen isotope composition of sulfate, represented by ∆17O, has also been

used to investigate oxidation pathways of SO2 in the marine environment (Alexander

et al., 2005; Patris et al., 2007). ·OH radicals and O2, which acts as the oxidant during

transition metal catalysis, result in sulfate with ∆17O = 0‰, while oxidation by O3 and

H2O2 produces sulfate with ∆17O = 8.8 and 0.8‰ respectively (Savarino et al., 2000;

Lee and Thiemens, 2001). The ∆17O of HOX has not been measured, however Patris

et al. (2007) have estimated it based on the major formation pathways: HOX may have

a ∆17O similar to ozone due to formation from XNO3, or it may have a ∆17O of 0‰
if the HOX oxygen atom comes from atmospheric water. If the ∆17O of hypohalites

was reliably known, it would be possible to distinguish between all the major MBL SO2

oxidation pathways (gas-phase by ·OH, heterogeneous by O3, ·Cl catalysis, Fe catalysis

and hypohalites) based on the oxygen and sulfur isotopic composition of SO2 and sulfate.

3.5 Conclusions

Sulfur isotope fractionation factors for the oxidation of SO2 in water, synthetic sea water

and concentrated NaOCl droplets were measured. Reactive uptake coefficients for NaOCl

droplets were very high, in agreement with the rapid rate of the reaction, while γobs for sea

water reflected alkalinity limitations for oxidation by O3 and ·Cl catalysis. A summary

of the measured isotopic fractionation factors in the marine boundary layer is shown in

Figure 3.6.

The fractionation factors for each step from SO2 (g) uptake to SO2−
3 (aq) formation

were measured, showing an increase in isotopic fractionation at higher pH. α34 for oxi-

dation by O3 in water droplets agreed with previous results for aqueous oxidation by O3

and with low pH measurements, while α34 for oxidation by O3 in sea salt aerosol also
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Figure 3.6: Summary of the SO2 oxidation reactions occurring in the marine

boundary layer and their effect on the isotopic composition of product sulfate.

Initial isotopic compositions of sea water and marine biogenic sulfate are from Rees et al.

(1978) and Calhoun et al. (1991) respectively. ∆17O values refer to the sulfate resulting

from oxidation, not the oxidant itself, and are from Savarino et al. (2000). δ34S fraction-

ations during oxidation reactions are shown as a change, where X is the δ34S of the SO2

reactant gas. Fractionation factors are for 19◦C; those measured in this chapter are shown

in bold and all other 34S/32S fractionations are from Chapters 2 and 4.
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favoured the heavy isotope but with a lower magnitude. Oxidation in NaOCl droplets, on

the other hand, favoured the light isotope and produced isotopic fractionation indistin-

guishable from previous measurements for oxidation by iron catalysis. Comparison of the

fractionation factors showed that the HOCl pathway contributed 29% of oxidation on sea

salt aerosol in the short experimental timescale, suggesting that it can play an important

role in the marine sulfur cycle.

The opposite directions of isotopic fractionation mean that sulfur isotope measure-

ments will be particularly useful to estimate the importance of SO2 oxidation by alkalinity

non-limited HOCl and iron catalysis pathways compared to alkalinity-limited pathways

of oxidation, as they favour the light and the heavy sulfur isotopes respectively. In combi-

nation with measurements of ∆17O, δ34S measurements have the potential to distinguish

between all the SO2 oxidation pathways occurring in the marine environment, which

would allow direct measurements of oxidation in the marine sulfur cycle leading to a new

understanding of its role in atmospheric chemistry and climate.
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Chapter 4

Sulfur isotope fractionation during

heterogeneous oxidation of SO2 on

mineral dust

This chapter is published for discussion as Harris, E., Sinha, B., Foley, S., Crowley, J.N.,

Borrmann, S. and Hoppe, P. (2012) Atmospheric Chemistry and Physics Discussions, 12,

2303-2353, doi:10.5194/acpd-12-2303-2012.

4.1 Introduction

Mineral dust represents the dominant mass fraction of atmospheric particulate matter,

and it is responsible for a large amount of the uncertainty associated with aerosol climate

forcing effects. Dust is important for heterogeneous chemistry, human health, visibility,

ocean nutrification, and cloud formation. Emissions are estimated to be between 1000

and 2150 Tg yr−1, resulting in a global dust load of 8 to 36 Tg (Zender et al., 2004;

Tanaka and Chiba, 2006). Dust emissions are expected to increase due to erosion, mining

and industrial activities, overgrazing and shifting precipitation patterns (Dentener et al.,

1996). Mineral dust properties are altered during transport, as finer clays are transported

far from source regions relative to coarse particles, and dust particles are chemically aged

by uptake of gas-phase species and heterogeneous reactions (Morales, 1986; Kim and Park,

2001; Park et al., 2004; Zhu et al., 2010).

The uptake of sulfate on to mineral dust is important both for dust properties and

for the sulfur cycle. Freshly-emitted Sahara dust is very hydrophobic (Kaaden et al.,

2009), whereas sulfate-coated mineral dust has increased CCN activity and may even act
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as ‘giant CCN’ (Levin et al., 1996), while sulfate coatings reduce the ice nuclei activity of

mineral dust (Cziczo et al., 2009; Pruppacher and Klett, 1997). Mineral dust is a particu-

larly important source of iron in nutrient-limited open ocean waters, and chemical ageing

can reduce the pH of dust, increasing the solubility and bioavailability of iron (Jickells

et al., 2005; Gasso et al., 2010; Rubasinghege et al., 2010; Kumar et al., 2010). Hetero-

geneous oxidation of SO2 on dust can lead to reductions of >50% in SO2 concentration,

and may account for 50-70% of sulfate production in dust source regions (Dentener et al.,

1996; Xiao et al., 1997; Zhu et al., 2010). Coagulation on to dust can also remove sulfuric

acid aerosol and gas from the atmosphere. This means that dust reduces homogeneous

nucleation of H2SO4 and changes the size distribution of sulfur towards coarse particles,

reducing its lifetime compared to sulfate in finer particulate. It is estimated that het-

erogeneous reactions on mineral dust reduce sulfate and nitrate aerosol cooling near dust

source regions by 0.5 - 1 W m−2 (Dentener et al., 1996; Liao and Seinfeld, 2005). Under-

standing the uptake and oxidation of SO2 on mineral dust is a key part of investigating

the interactions and feedbacks between dust, sulfur, climate and clouds.

Sulfur isotopes have previously been used to investigate homogeneous and aqueous

oxidation of SO2 by ·OH, H2O2 and O3 in pure solutions and on sea salt aerosol (Chapter

2 and Chapter 3). Sulfur isotope abundances are described by the delta notation, which

is the permil deviation of the ratio of a heavy isotope to the most abundant isotope (32S)

in the sample compared to a standard ratio:

δxS (‰) = [
( n(xS)
n(32S)

)sample

( n(xS)
n(32S)

)V−CDT

− 1]× 1000 (4.1)

where n is the number of atoms, xS is one of the heavy isotopes, 33S, 34S or 36S, and V-

CDT is the international sulfur isotope standard, Vienna Canyon Diablo Troilite, which

has isotopic ratios of 34S/32S = 0.044163 and 33S/32S = 0.007877 (Ding et al., 2001).

Isotopic fractionation is represented by the α value, which is the ratio of the heavy to the

light isotope amount in the instantaneously-formed product divided by the ratio in the

reactant:

α34 =
(
34S
32S

)products

(
34S
32S

)reactants

(4.2)

Values of α34 are characteristic for different reaction pathways and are therefore useful

to investigate the different oxidation pathways for SO2 on mineral dust in the laboratory

and in the atmosphere.

This chapter presents measurements of the stable isotope fractionation of 34S/32S at

room temperature (19◦C) during heterogeneous oxidation on dust surfaces and aqueous
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oxidation in dust leachate. The dust used is from the Sahara desert, which accounts

for ∼60% of global dust emissions and loading (Tanaka and Chiba, 2006). The dust

was collected on the Cape Verde islands (SDCV), and its mineralogy, composition and

properties, as well as details on collection, are described in Coude-Gaussen et al. (1994)

and Hanisch and Crowley (2001, 2003). We demonstrate that stable sulfur isotopes can

be used to understand SO2 oxidation on mineral dust both in the laboratory and in the

field, and are particularly useful to investigate the roles of different minerals in surface

oxidation and to quantify the importance of aqueous oxidation by transition metal ions

in the atmosphere.

4.2 Background: Uptake and oxidation of SO2 by

mineral dust

Uptake of SO2 to mineral dust can occur via the reversible, physisorption pathway, or

the irreversible, chemisorption pathway, which can be followed by oxidation of the sorbed

sulfite. This study will only consider irreversible uptake, which accounts for >98% of

uptake at low SO2 concentrations (Adams et al., 2005; Goodman et al., 2001). The initial

uptake coefficient on Sahara dust, γ = 4 × 10−5, is not dependent on RH, [SO2] or O3

(Crowley et al., 2010) which suggests SO2 adsorption is the rate-limiting step, rather than

subsequent reactions and oxidation (Ullerstam et al., 2002).

Oxidation of adsorbed S(IV) can follow a number of pathways: O3 is a very efficient

oxidant, and oxidation can also be catalysed by iron and manganese in dust (Usher et al.,

2002; Ullerstam et al., 2002). NO2 (g) and surface nitrate have been observed to oxidise

surface sulfite (Ullerstam et al., 2003), and oxidation to CaSO4 occurs when calcite is

exposed to SO2 and O2 (Al-Hosney and Grassian, 2005). Sulfate production has even

been observed on MgO in the absence of O2 and O3, and was attributed to the highly

basic character of four-coordinated O anions on steps and corners (Pacchioni et al., 1994;

Goodman et al., 2001). In this study, SO2 will always be exposed to dust in synthetic

air, and the reaction time will be very long, so the oxidation of adsorbed sulfite to sulfate

should be close to completion (Ullerstam et al., 2002).

The SO2 removal rate on dry dust decreases significantly with exposure to SO2 as sat-

uration is approached, suggesting uptake will only be important for ∼10 hours after dust

emission (Judeikis et al., 1978). However, active sites can be regenerated by exposure to

high humidity for a number of reasons, for example, carbonic acid dissociation and re-

lease as CO2 (g), increased mobility of surface ions leading to microcrystallite formation,
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and direct generation of new active sites (Ullerstam et al., 2002, 2003; Al-Hosney and

Grassian, 2005; Li et al., 2006). IR absorption bands for adsorbed sulfate do not change

upon exposure to humidity (Ullerstam et al., 2002, 2003). Saturation behaviour of SO2

under exposure to UV light has not been measured, however irradiation prevents surface

saturation for ozone uptake on TiO2 (Nicolas et al., 2009). These results suggest that

experimental conditions such as humidity, ozone and irradiation will change the quan-

tity of SO2 taken up and oxidised, while the initial uptake to form sorbed S(IV) is the

rate-limiting step and is therefore expected to be the major factor controlling isotopic

fractionation.

Aqueous oxidation by ions leached from dust may be a particularly important con-

tributor to oxidation of SO2 in the atmosphere, especially as sulfate production increases

aerosol hygroscopicity and CCN activity, facilitating further aqueous SO2 oxidation (Usher

et al., 2002; Ullerstam et al., 2002, 2003; Li et al., 2006). The oxidative activity of leachates

is due to catalysis by transition metal ions: Fe(III) is the most important of these ions,

however comparison to experiments with pure Fe salts show trace ions such as Mn and

Cr also make a significant contribution to catalytic activity (Tilly et al., 1991; Rani et al.,

1992). Catalytic activity does not significantly change when the solid phase is filtered

out of the leachate. This shows aqueous oxidation dominates over any surface effects of

particles in the solution (Cohen et al., 1981; Rani et al., 1992), although, when aqueous

iron and titanium oxide suspensions are irradiated, sulfate quantum yields >>1 have been

observed due to desorption of ·SO−
3 and initiation of a radical chain reaction (Hong et al.,

1987; Faust et al., 1989).

Aqueous oxidation shows complex pH-dependence, as metal ions are more soluble but

the more reactive SO2−
3 is less abundant at lower pH (Cohen et al., 1981; Rani et al., 1992).

Dust is not the only contributor of transition metal ions for SO2 oxidation: transition

metals ions from anthropogenic sources are generally more soluble than ions in dust, and

thus more available for reaction with S(IV) in solution (Kumar et al., 2010). The reaction

pathways catalysed by anthropogenic and natural transition metal ions are the same once

the ions are leached into solution, thus the fractionation factor measured for dust leachate

in this study will also be applicable to leachate from combustion products such as fly ash

(Cohen et al., 1981).
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4.3 Methods

4.3.1 Apparatus and experiments

The dust used in this study was Sahara dust collected from the Cape Verde islands

(SDVC). Its mineralogy, composition and properties are described in Coude-Gaussen et al.

(1994) and Hanisch and Crowley (2001, 2003) and summarised in Table 4.1. The non-clay

fraction of the dust contains primarily quartz, feldspars and calcite. Sahara sand obtained

directly from the Sahara desert has a mean diameter of >150 µm (Morales, 1986), whereas

transported dust contains dust particles as small as 200 nm and has a mean diameter of

<10 µm that decreases with distance transported (Heinold et al., 2009; Kaaden et al.,

2009; Wagner et al., 2009; Morales, 1986). Thus, Sahara dust from the Cape Verde Islands

is much more relevant to atmospheric chemistry than a local sand sample which would

include very coarse grain sizes.

Aqueous oxidation in mineral dust leachate

Leachate representing 0.5 g of dust per 100 mL was prepared by soaking the dust for two

days in MilliQ water. The liquid phase was then poured off the solid dust, as aqueous

oxidation has been shown not to be affected when the solid phase is removed (Cohen et al.,

1981; Rani et al., 1992). The concentrations of Al, Ca, Fe, Mg, Ba, Mn, Ti, Cr and Sr in

the leachate were measured by inductively-coupled plasma optical emission spectrometry

with a Perkin-Elmer Optima 3300 XL. SO2 gas (Linde AG, 102 ppm ± 2% in synthetic

air) was diluted with synthetic air (Westfalen AG, 20.5% O2 in N2) to 6.7 ppm and 13.3

ppm in a total flow of 600 cm3 min−1 (at standard conditions of T = 273.15 K, P = 1013.25

mBar) for experimental runs #1 and #2 respectively. This flow was passed through 300

mL of leachate in a bubbler, followed by a bubbler containing 6% H2O2 to collect residual

SO2 as described in Section 2.3.4. PFA fittings and tubings were used for all gas flows.

The experiments were run for ∼8 hours. Following each experiment, both bubblers were

rinsed and BaCl2 was added to precipitate sulfate as BaSO4. The BaSO4 was collected by

filtration through Nuclepore track-etch polycarbonate membrane filters (Whatman Ltd.)

with 0.2 µm pores, which had been coated with a 10 nm-thick gold layer using a sputter

coater (Bal-tec GmbH, Model SCD-050) prior to sample collection.
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4. Heterogeneous oxidation on mineral dust

Heterogeneous oxidation on the Sahara dust surface at subsaturated humidity

Heterogeneous oxidation on mineral dust was investigated by passing 250 cm3 min−1

of 4.2 ppm SO2 gas in synthetic air through a dust-coated filter, as shown in Figure 4.1.

Dust was pipetted on to gold-coated Nuclepore filters (0.2 µm pore) in a 1:2 ethanol:water

mixture, which helped the dust to adhere to the filter better than mounting in pure water.

A mixed cellulose ester filter (Whatman GmbH) was placed under the Nuclepore filter to

prevent tearing when gas flows were switched on and off. The mounted dust had a modal

diameter of 2 µm with maximum grain diameters of ∼8 µm, showing the dust was not

significantly size-fractionated during mounting compared to the results of Coude-Gaussen

et al. (1994). The reactor was made of glass with an FEP O-ring (Ralicks Industrie- und

Umwelttechnik) connecting the two parts. PFA fittings and tubings were used for gas

flows. SO2 gas (Linde AG, 102 ppm ± 2% in synthetic air) was diluted with synthetic air

(Westfalen AG, 20.5% O2 in N2) to the desired concentration before entering the reactor.

A high concentration of SO2 (4.2 ppm) was used to prevent significant isotopic changes to

the residual SO2. Less than 1% of the SO2 gas reacted to form sulfate in all experiments.

The residual SO2 gas was collected in some experimental runs as described in Section

2.3.4 and the isotopic composition confirmed the SO2 was not significantly altered during

the experiments.

1. Gas inlet
2. LED (λmax = 365 nm)
3. Collimating lens
4. Quartz window
5. Sahara dust on 
gold-coated �lter
6. Te�on O-ring
7. Gas outlet

1 1
2

3

4

5

6

7

Figure 4.1: Reactor used to investigate fractionation during oxidation of SO2

on mineral dust.
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Table 4.2: Experiments to investigate isotopic fractionation during oxidation of

SO2 on the surface of mineral dust.

Abbreviation O3 Light Humidity Run Length (h)

MDdark 7 7 7 1 7.9

2 7.2

MDO3 3 7 7 1 7.9

2 9.2

MDhv 7 3 7 1 8.2

2 8.2

MDO3hv 3 3 7 1 7.8

2 7.7

MDRHdark 7 7 3 1 7.8

2 8.3

MDRHO3 3 7 3 1 7.5

2 7.9

MDRHhv 7 3 3 1 6.7

2 7.3

MDRHO3hv 3 3 3 1 6.3

2 7.5

The reaction system was run under a variety of different conditions, which are sum-

marised in Table 4.2 along with abbreviations that will be used throughout this paper. A

high power LED (λmax = 365 nm, 50 mW at 350 mA, Roithner Lasertechnik GmbH) was

used to irradiate the dust in four experiments through a Suprasil quartz window (Heraeus

Quarzglas GmbH), which has a transmittance of >90% between 200 and 1000 nm. The

emission spectrum of the LED is shown in Figure 4.2, along with the absorption spectra

of O3 and SO2. Neither O3 or SO2 absorb significantly in the wavelength range of the

LED, so no gas-phase photolytic reactions will occur. Humidity was added to the reac-

tion chamber in four experiments by passing the synthetic air flow through MilliQ water

to achieve a relative humidity of around 40%, which would correspond to 2 monolayers

of water on the dust (Gustafsson et al., 2005). The dust was not heated before use, so

even samples with no added humidity will have surface-sorbed water molecules and inter-

lamella water in the clay fraction. 20 ppm ozone was added to the gas mixture in four

experiments by passing 100 cm3 min−1 of the synthetic air flow over a low-pressure mer-

cury vapour lamp (Jelight Company Inc., USA). The ozone concentration was measured
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with a Thermo Electron Corporation UV Photometric O3 Analyzer (Model 49C). Each

experiment was done in duplicate with and without the addition of humidity, for a total

of 16 experimental runs. The experiments were run for 6-9 hours to generate sufficient

sulfate for NanoSIMS isotopic analysis. Following each experiment, filters were stored in

airtight boxes before being mounted for NanoSIMS and SEM analysis.
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Figure 4.2: Emission spectrum of LED used to irradiate mineral dust samples

(blue line, left axis, Roithner) and absorption spectra of SO2 (red line, right axis, Rufus

et al. 2003) and O3 (green line, right axis, Bogumil et al. 2003)

4.3.2 SEM analysis

A scanning electron microscope (SEM) was used to investigate the quantity of sulfate

produced during the leachate experiments and the composition of individual dust grains

in the different samples for the surface reaction experiments. The BaSO4 and dust samples

on gold-coated filters were directly analysed in the SEM without any further treatment.

A LEO 1530 field emission SEM with an Oxford Instruments ultra-thin-window energy-

dispersive x-ray detector (EDX) was used for the analyses. The SEM was operated with an

accelerating voltage of 10 keV, a 60 µm aperture, and a working distance of 9.6 mm. ‘High

current mode’ was used to increase the EDX signal and improve elemental sensitivity.

Before NanoSIMS analysis of the samples, the SEM was run in automatic mode and

took 400 evenly-spaced images of each filter at 19 500×magnification. The EDX spectrum

was measured with a 1 second integration time at 25 points on a 5 × 5 grid for each image,
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leading to 10 000 EDX measurements across each filter. For the leachate oxidation BaSO4

samples, EDX signals were measured for O(Kα), Au(Lα), S(Kα) and Ba(Lα). The quantity

of sulfate on each filter was then determined by estimating the background from both the

Gaussian distribution of the gold signal and the quartile method, as described in Section

2.3.5 and Winterholler (2007). This quantification method is ideal for NanoSIMS studies,

as quantification is achieved without extra sample treatment and the limit of detection is

very low. The precision is fairly low (∼40%, decreasing with increasing BaSO4 quantity

due to Poisson statistics) and the method is not ideal for samples with a large amount

of BaSO4 due to the possibility of the sample flaking off the filter during mounting, thus

isotope mass balance was also used to find the extent of reaction (see Section 4.4.1), as

was used by Lin et al. (2011) and Derda et al. (2007), and in Chapter 2 of this thesis.

During the analyses of the dust grains from the surface oxidation experiments, seven

EDX channels were measured in automatic mode: Fe(Lα), Mg(Kα), Al(Kα), Si(Kα),

S(Kα), Ca(Kα) and Ti(Kα). The background was subtracted from the signals using the

quartile method (see Section 2.3.5 and Winterholler 2007). The signals were used to in-

vestigate the composition of the mineral dust and association of sulfate with the different

elements in the dust. The SEM images were also used to measure the size distribution of

the dust, as described in Winterholler (2007). The density of the dust was estimated to

be 3.1 g cm−3 from the densities of the three main components, SiO2, Al2O3 and FeO,

and this was used to calculate the mass of dust on each filter. The BET surface area of

the dust was measured by Hanisch and Crowley (2001) to be 1.5 m2 g−1 for grains with

d < 10 µm.

Following NanoSIMS analysis, the dust grains from the surface oxidation experiments

were again examined in the SEM, to determine the chemical composition of the dust grain

for each NanoSIMS analysis point. Coordinate transfer was used to locate the grains in

the SEM and an image and an EDX spectrum were then taken at each point. An example

is shown in Figure 4.3. Peaks were counted if they were more than three times the noise

at the peak position (Goldstein et al., 1981), and an approximate height was measured by

overlaying a grid as shown in the figure. The known composition of the dust (Hanisch and

Crowley, 2003) was used to determine relative sensitivity factors (RSF) for the different

elements based on the EDX measurements on unreacted dust grains. RSF values were in

the expected range of 0.1 to 2 (Goldstein et al., 1981). An approximate atomic percentage

for all detectable elements could then be estimated for each experimental grain. The error

in atomic percentage was defined as ±1 unit on the overlayed scale, multiplied by the RSF

for the element. The resulting composition obtained for each dust grain is not surface-
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sensitive as the X-rays are released from a depth of < 1µm (Goldstein et al., 1981), so

the results will show the elements present at the analysis point but will not be especially

sensitive to the newly-produced sulfate from the experimental treatment.

1 μm              Mag = 47.78 K X
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energy

Figure 4.3: SEM and EDX analysis of a mineral dust grain (right-hand grain)

following a NanoSIMS measurement. The dark squares on the filter in the SEM image

show where the NanoSIMS analysis has sputtered away the gold-coating. In the SEM EDX

spectrum, element windows are highlighted in orange while the background is shown in

yellow.

4.3.3 NanoSIMS analysis

The sulfur isotopic composition was determined with the Cameca NanoSIMS 50 ion probe

at the Max Planck Institute for Chemistry in Mainz (Hoppe, 2006; Groener and Hoppe,
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2006). The NanoSIMS 50 has high lateral resolution (<100 nm) and high sensitivity and

can simultaneously measure up to five different masses through a multicollection system,

allowing high precision analysis of the small sample quantities required for this study.

The use of this instrument to analyse sulfur isotope ratios is described in detail elsewhere

(Winterholler et al., 2006, 2008) and the analysis conditions are described in Section 2.3.5,

so only a brief description will be given here.

The samples are analysed directly on the gold-coated Nuclepore filters without further

processing. Samples with a particularly high BaSO4 loading and all dust samples are gold-

coated on top of the sample before NanoSIMS analysis to prevent excessive charging. A

∼1 pA Cs+ beam is focussed onto a ∼100 nm sized spot and rastered in a 2 µm ×
2 µm grid over the grain of interest. The ejected secondary ions are carried into the

mass spectrometer and multicollection system. For the BaSO4 from leachate oxidation

experiments, each measurement consists of 200 - 400 cycles of 4.096 seconds duration

preceded by varying lengths of presputtering until the gold coating (if present) is removed

and the count rate is stable. For the surface oxidation samples, the sulfate produced in

the experiments will be on the surface of the particles, so analyses were fairly short and

presputtering was kept to a minimum: Each measurement consisted of 120 cycles of 4.096

seconds duration, and presputtering and beam centering were carried out on an area of

at least 10 µm × 10 µm so that the surface was conserved for analysis.

The session instrumental mass fractionation (IMF) was determined with IAEA BaSO4

standards SO5 and SO6, however the IMF for sulfate on mineral dust grains will also be

dependent on the matrix. The major cation was determined from SEM-EDX analysis

taken on individual grains after the NanoSIMS analysis, as described in the previous sec-

tion, and the IMF correction relative to BaSO4 was then applied according to Winterholler

et al. (2008). The untreated Sahara dust contained a measureable quantity of sulfate, so

a background correction of the isotope ratio was needed for the surface oxidation sam-

ples. The effect of this was minimised by keeping analyses short so that primarily surface

sulfate was analysed, however the background was still significant. 28 untreated grains

were analysed to quantify the background sulfur isotope signal. The untreated grains had

an average 32S signal of 447±385 counts per second and a δ34S of 18.6±5.9‰. This falls

within the range of values previously reported for sediments in the Sahara desert (Drake

et al., 2004) and Sahara dust collected in the North Atlantic (Winterholler et al., 2006).

Thus, experimentally-treated grains were only considered in the data analysis if their 32S

signal was > 900 counts per second, and values of δ34S for these grains were corrected for

the isotopic composition of the background. 102 experimental grains had high enough 32S
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counts for useful isotopic information, and these were distributed fairly evenly across the

different experiments, so that at least eight grains per sample gave useful information for

each set of experimental conditions.

For each sample of the leachate experiments, at least five spots were measured and the

weighted average and error was calculated, as described in Section 2.3.5. The counting

statistical error was typically 1-2‰ for each analysis spot and the overall error for each

sample 2-5‰. For the surface oxidation experiments, the spot-to-spot error was added

to the counting statistical error so that the measurements on each grain could be treated

individually, rather than calculating an average for all grains on a particular sample filter.

The spot-to-spot error of the SO5 and SO6 standards was used as an estimate of the spot-

to-spot error for the measurement session, and this was then combined with the counting

statistical error to determine the measurement uncertainty for each individual grain. For

each individual grain, the counting statistical error was typically 4-5‰ and the overall

error 5-6‰.

4.3.4 Positive Matrix Factorization

The composition of each grain from post-NanoSIMS SEM analysis was used as input for a

Positive Matrix Factorization (PMF) model which was run with the software EPA PMF

v3.0.2.2. This is a multivariate analysis tool which identifies factor profiles and factor

contributions for data sets which have a large number of variables measured across many

samples (Norris et al., 2008). Although the model is designed to identify source profiles

and contributions to environmental data sets, it is ideal for this study as it allows data

points to be individually weighted and it constrains results so that no factor can have a

negative contribution to a sample.

Atomic percentages of O, Fe, Na, Mg, Al, Si, S, K, Ca and Ti were used as input

for the model, as well as S isotope measurements from NanoSIMS analysis. When a

peak was below the limit of detection, an atomic percentage of one third of the lowest

measured concentration for the element was used, and the uncertainty was set to twice

the normal uncertainty for the element to reduce the weighting of the point. All elements

were classed as ‘strong’ as the uncertainties did not need to be increased, however δ33S

was classified as a ‘weak’ variable as its analysis in the NanoSIMS can be problematic

due to counting statistics combined with topography and matrix effects. δ34S was set as

the ‘total variable’, leading to an automatic ‘weak’ classification. The ‘Extra Modeling

Uncertainty’ was set to the recommended 5% (Norris et al., 2008). No two elements

showed any significant correlation.
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A random seed was used to initiate the model and 20 base runs were performed. The

model was run with three, four and five factors and it was found that four factors gave the

most consistent results with the lowest Q (object function) value and the best resolution

of elements and isotopic compositions. Only the four factor analysis will be discussed

further. The model described the data adequately: The residuals were approximately

normally distributed and only one scaled residual for one Al value was outside the ±3σ

limit. The overall profiles of the four identified factors varied only a small amount between

the 20 model runs, and the dominant species in each factor remained the same in all 20

runs.

4.4 Aqueous oxidation in Sahara dust leachate

4.4.1 Catalytic activity of the solution and rate of reaction

The concentrations of various elements present in the leachate, measured with ICP-OES,

are shown in Table 4.3. The leachate was extremely efficient at oxidising SO2, thus

the fractionation factor must be found by considering the Rayleigh equations, which

describe the isotopic composition of products and residual reactants as a function of the

fractionation factor and the fraction of reactant remaining unreacted (Mariotti et al.,

1981; Krouse and Grinenko, 1991). The fraction of SO2 remaining was measured for

each of the two experimental runs both with SEM quantification as described in Section

4.3.2 and by considering mass balance between the measured isotopic composition of the

residual SO2 and the product sulfate:

δ34Si = f · δ34SSO2 + (1− f) · δ34Ssulfate (4.3)

where f is the fraction of reactant (SO2) remaining and δ34Si, δ
34SSO2 and δ34Ssulfate are

the isotopic compositions of the initial SO2 gas, residual SO2 gas and product sulfate

respectively. For each experimental run both estimates differed by <1%, and the two

estimates were averaged to find the fraction remaining for each of the experimental runs.

The oxidation of SO2 by mineral dust leachate was very efficient. >99% of SO2 was

oxidised after passing through one bubbler, compared to the 39% of SO2 that is collected

in one bubbler containing 6% H2O2 and <1% that is oxidised in a bubbler with 0.1 M

Fe2+/Fe3+ (Section 2.4.1). The fraction oxidised at [SO2] = 6.7 ppm (99.8%) was only

slightly higher than the fraction oxidised at [SO2] = 13.3 ppm (99%), showing the leachate

was not close to exhausting its oxidation capacity. Thus, it is clear iron is not the most

important transition metal for the catalysis of SO2 oxidation in mineral dust leachate
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Table 4.3: The concentrations of various elements present in Sahara dust

leachate measured with ICP-OES. ‘Concentration’ refers to the solution used to

oxidise SO2 in this study, which was made with 0.5 g of dust per 100 mL of water, while

‘µg/g dust’ is the amount of the element that is soluble in 1 g of dust following 2 days

in MilliQ water. ‘RSD’ is the relative standard deviation of 3 measurements from the

ICP-OES.

Element Concentration µg/g dust RSD

mol L−1 %

Al 3.19 ×10−5 170 3.7

Mg 1.61 ×10−5 77.1 3.1

Ca 1.53 ×10−5 121 2.8

Fe 7.74 ×10−6 85.2 8.4

Ba 2.64 ×10−6 71.5 1.9

Ti 2.22 ×10−6 20.9 1.3

Mn 7.48 ×10−7 8.09 4.1

Sr 1.43 ×10−7 2.47 0.95

Cr 6.2 ×10−8 0.64 160

Ni 3.4 ×10−9 0.04 840

solutions; other ions measured in the solution, such as manganese and chromium, are also

highly active in oxidation. This is in agreement with the results of Tilly et al. (1991) and

Rani et al. (1992), which showed that these ions do not just contribute independently to

oxidation, but that mixtures of ions interact synergistically, resulting in greatly-enhanced

oxidation rates. Thus, soluble iron alone is not a good indicator of SO2 oxidising ability,

which may explain why correlation between soluble Fe and sulfate is often poor (Kumar

and Sarin, 2010; Baker et al., 2006).

4.4.2 Fractionation of 34S/32S during aqueous oxidation in Sa-

hara dust leachate

The fractionation factor can be found from the Rayleigh equation describing the δ34S of

the sulfate product with respect to the fraction of SO2 oxidised (Mariotti et al., 1981;

Krouse and Grinenko, 1991):

α34 =
ln(1− (RP

Ri
)(1− f))

lnf
(4.4)
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4. Heterogeneous oxidation on mineral dust

where RP and Ri are the ratios of 34S/32S for the product sulfate and the initial SO2 gas

respectively and f is the fraction of SO2 remaining. The δ34S of the sulfate formed in the

leachate needs to be corrected for the contribution from sulfate that was leached from the

dust itself. The effect of this correction on δ34SP was negligible as the leachate contained

<1 µM of sulfate while the reaction added >200 µM of sulfate to the solution.

The fractionation factor can also be found from the Rayleigh equation describing the

δ34S of the residual SO2 gas and the fraction of SO2 oxidised (Mariotti et al., 1981; Krouse

and Grinenko, 1991):

α34 =
ln(RR

Ri
)

lnf
− 1 (4.5)

where RR and Ri are the ratios of 34S/32S for the residual SO2 gas and the initial SO2 gas

respectively and f is the fraction of SO2 remaining. The measured δ34S of the residual

SO2 was corrected for fractionation during collection in H2O2 as described in Section 2.4.1.

Four estimates of α34 were thus obtained; from the residual SO2 and the product

sulfate for each of the two experimental runs. The four measurements were averaged and

the 1σ standard deviation taken as the error:

αleachate = 0.9917± 0.0046 (4.6)

at 19◦C. The majority of the uncertainty in the fractionation factor is due to the uncer-

tainty in the NanoSIMS measurements of the δ34S values. The fractionation factor is not

significantly different to the fractionation factor for the oxidation of SO2 by a solution

of Fe2+ and Fe3+ (αFe = 0.9894±0.0043) presented in Section 2.4.1. However, in agree-

ment with previous studies (Cohen et al., 1981; Tilly et al., 1991; Rani et al., 1992), the

quantity of sulfate produced (see Section 4.4.1) shows that iron is not the only transition

metal present in leachate that is active in catalysing SO2 oxidation. Concentrations of

other transition metals in the leachate that are also available for reaction, such as Cr and

Mn, are presented in Table 4.3. Thus, the identity of the metal catalysing SO2 oxidation

does not affect the sulfur isotope fractionation, which suggests fractionation is not due to

the initiation reaction but the subsequent reactions in the chain (Herrmann et al., 2000).

The average fractionation factor for transition metal-catalysed oxidation of SO2 from the

current and previous measurements is:

αTMI = 0.9905± 0.0031 (4.7)
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4. Heterogeneous oxidation on mineral dust

4.5 Fractionation of 34S/32S during heterogeneous ox-

idation on Sahara dust surfaces

4.5.1 Quantification of sulfate production

Sulfate production on the dust surface and subsaturated humidity was quantified with

automatic SEM analysis, as described in Section 4.3.2, and the results are shown in Figure

4.4. Experiment lengths ranged from 6.3 to 9.2 hours, so the results shown were corrected

and represent the estimated concentration after exactly 8 hours of experimental time, to

facilitate comparison between experiments. The surface sulfate increase will be signifi-

cantly more than the reported total atomic percentage increase, as EDX measurements

are not surface-sensitive (Goldstein et al., 1981). As an estimate, for a grain 2 µm in

diameter with experimentally-produced sulfate added only to the top 20 nm of the grain

surface, the sulfate concentration in the surface layer would increase by more than 1000%

for MDRHO3hv, rather than the 30% increase when the whole grain volume is considered.

The total amount of sulfate was seen to increase in all experiments except for MDRHhv,

although all changes are within the statistical error of the SEM measurement except for

MDRHO3hv. The count rates observed during NanoSIMS analysis show an increase for

all treated samples compared to the control, and are also much higher for MDRHO3hv,

in agreement with the SEM samples. Thus, sulfate production is fairly slow and similar

for all experiments except MDRHO3hv: This combination of conditions saw much more

sulfate produced than the other experiments combined, showing ozone, light and water

vapour interacted synergistically to oxidise SO2 much more efficiently than any of these

parameters alone.

4.5.2 Bulk elemental analysis of reactive particles

Correlations between the sulfur EDX signal and the EDX signal of other elements may

provide information about the elements which are most important for sulfate production.

Automatic EDX points with sulfur and at least one other element above the background

were therefore examined for correlations, in both the untreated and treated dust samples.

Each sample had >100 EDX points with significant signals for sulfate and at least one

other element, so correlations could be examined individually within each sample type.

In untreated dust, correlations can indicate whether the sulfate present is primary and

present in the Sahara source region, or whether it is secondary and results from uptake

and reactions during transport to the Cape Verde Islands. S and Ti signals show a slight
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Figure 4.4: Quantification of sulfate addition to mineral dust from surface SO2

oxidation. ‘Control’ shows the amount of sulfate present in untreated dust, and the labels

on the x-axis refer to the different experimental conditions under which SO2 was exposed

to the dust. Error bars are the 1σ standard deviation from the Poisson distribution

depending on the number of points with a significant signal.
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4. Heterogeneous oxidation on mineral dust

positive correlation (R2 = 0.35) in the untreated samples, which suggests the sulfate is

secondary: primary sulfate would be more likely to be associated with Ca and Mg due to

clays and minerals such as gypsum (Caquineau et al., 2002).

Correlations on experimental samples were only seen for those runs with no ozone or

irradiation: S on MDdark dust was weakly correlated with Ti and Fe (R2 = 0.19 and 0.13

respectively), while S on MDRHdark dust was strongly correlated with Ti and Ca (R2 =

0.66 and 0.53 respectively). No mineralogical information is provided in automatic EDX

analysis, and it is likely that the lack of correlation in other samples is because element

concentrations are a poor representation of element availability for reaction, rather than

an indicator that sulfate is produced evenly across dust grains. The SEM-EDX analysis

also has a resolution of only ∼1 µm, and grain heterogeneity with regards to mineralogy

on this scale (Falkovich et al., 2001) will obscure correlations in the SEM-EDX signal.

Elements which are associated with higher SO2 oxidation rates can also be examined

by looking at the elemental profile of dust grains (from post-NanoSIMS single-particle

SEM-EDX analysis) with high enough 32S count rates for isotopic analysis, compared to

the overall dust profile. This comparison is shown in Figure 4.5. It can be seen that Ti is

strongly enriched in oxidising dust, and K, Fe and Ca are slightly enriched, while Na, Mg,

Al, Si and O show no relationship to oxidising ability of dust and only fall slightly below the

1:1 line because of mass balance. This is consistent with the correlations from automatic

SEM analysis: Ti, Fe and Ca are the most important elements for oxidising ability,

particularly in dark experiments where ozone and light are not available to facilitate

further reaction pathways, while mineralogy is clearly the dominant factor controlling

uptake.

4.5.3 34S/32S fractionation on different dust components

The isotopic composition of sulfate on experimentally-treated samples was much more

variable than on control grains, even within one set of experimental conditions. Variabil-

ity within one set of experimental conditions was as large as the overall variability of the

data set. As atmospheric dust is strongly internally mixed with regards to mineralogy

(Falkovich et al., 2001) most analysed grains will represent a mix of minerals, so a multi-

variate analysis model (described in Section 4.3.4) was used to examine the relationship

between grain composition and isotopic fractionation. Four factors were identified from

the PMF analysis. Each factor is not representative of a single mineral, but rather of a

group of minerals that, acting together or separately, cause the same isotopic fractionation

during sulfate formation. The elemental profiles of these factors are shown in Figure 4.6.
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Figure 4.5: Comparison of elemental composition of all dust and composition

of dust with 32S count rates high enough for reliable isotopic analysis.

To determine the isotopic fractionation factor of the factor, factor contributions for each

grain were plotted against δ34S. The intercept where the factor contribution was one gave

the fractionation factor α34 of the factor.

The factor α34 values were used to predict the δ34S of the measured dust grains based

on their composition, to test the fit between modelled and actual fractionation. The

discrepancy between predicted and measured δ34S was no greater than what would be

expected from a normal distribution given the measurement error (Figure 4.7), and the

regression line weighted by the error in the measurements was (R2 = 0.62):

δ34Sobserved = (0.90± 0.11)δ34Spredicted − (5.81± 2.54) (4.8)

which shows that the model fits the data well. Although this is not a rigorous test of the

model as the same 102 measurements were used to generate the factor α34 values and to

test them, it indicates the factors are well-resolved with respect to isotopic fractionation.

Plots to determine fractionation factors were made for all samples together, as well

as for sub-groups of samples, to determine the role of experimental conditions in isotopic

fractionation. The results are shown in Figure 4.8. The error in the estimates of α34 for
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Figure 4.6: Elemental profiles of the four ‘factors’ contributing to isotopic com-

position of sulfate produced from SO2 oxidation, identified by PMF analysis.

Columns with 1σ error bars (standard deviation of the results of 20 model runs) corre-

spond to the left-hand axis and show the concentration of the element in atomic percent,

while diamonds correspond to the right-hand axis and show the percentage of the ele-

ment’s total concentration that is present in a particular factor.
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Figure 4.7: Comparison of model accuracy (blue bars) with expected error from

a normal distribution (black line).

the sub-groups are much higher due to the much smaller number of measurements (47

and 55 grains for ‘all humid’ and ‘all dry’ respectively; 20-31 grains for the effects of O3

and light). The α34 could not be determined for individual experimental conditions (eg.

MDO3 or MDRHhv) as the number of grains (8-14) was too small, thus the uncertainty in

the result too large to be useful. It can be seen that presence or absence of humidity, light

and ozone has much less effect on the isotopic fractionation than the dust composition:

fractionation factors for different subsets generally agree with overall fractionation within

the error for each factor. This shows that isotopic fractionation is primarily due to uptake

of SO2 (g) and not subsequent oxidation.
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4. Heterogeneous oxidation on mineral dust

Based on the elemental profile of each factor, its interaction with experimental con-

ditions, and its reactivity, the mineralogical identity and reaction mechanism associated

with each factor was inferred. They are discussed in the following sections and summarised

in Table 4.4. Several estimates of the oxidation rate for each factor were obtained: The

sulfate production percentage refers to the percentage of the total sulfate that was gener-

ated by that factor during the experiment. The reactivity (µg sulfate /g mineral /hour)

is the amount of sulfate produced per gram of the minerals represented by the factor,

divided by length of the experiment; the calculation does not consider decreases in rate

due to saturation of the dust surface, and it is assumed that the surface fractions of the

minerals are the same as the bulk fractions. This rate is relevant for the length of the

experiments (6-9 hours), but will eventually decrease as the dust is saturated. The re-

activity could be used to estimate the rate of SO2 oxidation and sulfate production on

different dust types based on their mineral assemblages, however further investigation

would be necessary given the strong role of mineral mixing in oxidation rate. The rate

represented by the reactivity refers to the MDRHO3hv experiments, where the largest

amount of sulfate was produced; oxidation under all other conditions is on average 16×
slower and the uncertainty is much greater.

The reactivity and the BET surface area were used to estimate the reactive uptake

coefficient γ for the dust according to Jayne et al. (1990):

γobs =
4Fg
c̄A

∆n

n
(4.9)

where Fg is the carrier gas flow rate (cm3 s−1), c̄ is the mean thermal velocity (cm s−1;√
3kBT
m

), A is the total droplet surface area (cm2) and ∆n
n

is the reduction in gas concentra-

tion. The γobs value found from this expression represents a combination of mass transfer,

accommodation and reaction limitations, and provides only an estimate of the reactive

uptake rate as it does not account for diffusion rate within the solid. The overall γobs for

the dust, considering both reactive and non-reactive components, is 2.7×10−6, which is

∼1 order of magnitude lower than previously reported values (Crowley et al., 2010). This

is well within the expected range considering the surface area of the dust is likely to be

overestimated in this study as the dust is lying on a filter, rather than suspended in a

flow reactor, and the previously reported values are for initial uptake coefficients before

uptake slows due to ageing and saturation. The dust in this study is a good representation

of atmospheric dust that has already been aged, as it was transported from the Sahara

desert to the Cape Verde Islands before being collected for use in experiments.
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4. Heterogeneous oxidation on mineral dust

Factor 1

Factor 1 has a fractionation factor of α34 = 1.012 ± 0.010 which shows no significant

variation depending on experimental conditions. It has high concentrations of Fe and Ti

(6.8 and 13.2 atomic percent respectively) and the highest reactivity of any factor, which

is in agreement with observations of relatively high uptake coefficients for SO2 on TiO2

and on iron oxides and oxyhydroxides (Zhang et al., 2006; Crowley et al., 2010). The

co-occurence of Fe and Ti suggests that the factor is representative of ilmenite, with some

degree of weathering towards pseudorutile and rutile accounting for the excess Ti (Janssen

et al., 2007; Putnis, 2002). Ilmenite is a chemically stable mineral that would be likely to

have survived transport from the Sahara to the Cape Verde Islands and ageing while on

the Cape Verde Islands prior to collection (Janssen et al., 2007). The importance of Ti

in the most reactive factor agrees with the EDX sulfur correlation results from Section

4.5.2, which found Ti to be enriched in areas where sulfate production was highest.

As the uptake of SO2, rather than the oxidation, controls isotopic fractionation, the

coordination mechanism for SO2 should relate to the isotopic fractionation. Given that

the α is robust to experimental conditions and well-resolved for Factor 1, the fractionation

factor on the rutile (TiO2) and on the parent ilmenite are the same. Hematite, goethite,

magnetite and TiO2 have all been shown to chemisorb SO2 to a bidentate complex, with

similar IR spectral bands observed for the adsorbed compounds where available. This

suggests these three iron oxides will also have the same value for α as TiO2 and by

extension the same α as ilmenite (Fu et al., 2007; Zhang et al., 2006; Usher et al., 2002).

Factor 1 also has a significant amount of Ca. This may be due to formation of CaSO4 from

colocated Ca2+, possibly as the sample dries when it is put under vacuum for analysis. It

is unlikely that CaO or CaCO3 are directly taking up sulfate as the mechanisms of uptake

(monodentate and direct reaction respectively) are very different to iron and titanium

oxides, and would not be expected to show the same fractionation factor (Usher et al.,

2002).

In summary, ilmenite and its weathering product rutile are the most active compo-

nents in SO2 uptake in Sahara dust, and chemisorb SO2 to a bidentate complex with a

fractionation factor of α34 = 1.012± 0.010, which is expected to also represent fractiona-

tion on hematite, goethite and magnetite. Sulfate production was calculated to be 12.64

µg per mg of iron and titanium oxides and their weathering products per hour.
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4. Heterogeneous oxidation on mineral dust

Factor 2

Factor 2 contributes 3.2% of total sulfate production, and produces sulfate that is strongly

enriched in 32S. The elemental composition shows that the factor represents a mixture

of feldspar and a component containing Fe such as mica or hematite, both of which are

known to be common constituents of Sahara dust (Coude-Gaussen et al., 1994; Glaccum

and Prospero, 1980). Al2O3 alone can have a relatively high uptake coefficient if it is

basic in character (Judeikis et al., 1978; Crowley et al., 2010), while SiO2 and acidic

Al2O3 have low uptake coefficients (Zhang et al., 2006). Uptake to this factor is relatively

slow, and the isotopic fractionation is opposite in direction the other factors, which have

more basic character, thus uptake to Factor 2 appears to be dominated by less basic sites

associated with Al. This is consistent with the expected effects of ageing during transport,

which will remove alkali components, leaving aluminium oxides exposed. The Fe ions

in the minerals associated with feldspar will increase the acidic character. Although

Fe3+ can catalyse S(IV) oxidation (Herrmann et al., 2000), this reaction pathway will be

insignificant without an aqueous phase. The adsorption of SO2 to Al2O3 results in sulfite

with significantly different IR absorption bands to, for example, MgO (Goodman et al.,

2001), which explains the strongly negative isotope fractionation that is very distinct from

the other factors.

In summary, aluminium oxide sites associated with feldspars, a common constituent

of Sahara dust, take up SO2 with a fractionation factor of α34 = 0.948 ± 0.012, which is

also expected to be the fractionation factor for adsorption on to pure aluminium oxides.

The sulfate production due to this factor is 0.40 µg of sulfate per mg of feldspar and

aluminium oxide per hour.

Factor 3

The isotope fractionation produced by Factor 3 was slightly positive and very similar to

Factor 1. The contribution of Factor 3 to total sulfate formation was minor (0.1%). The

elemental composition of Factor 3 shows that it is primarily composed of quartz, as well

as olivine, pyroxene, and derivatives serpentine and leucoxene, which are expected to be

major components in Sahara dust (Coude-Gaussen et al., 1994; Glaccum and Prospero,

1980). However, pure SiO2 has been measured to have very low or no reactivity with

SO2 (g) in the laboratory (Zhang et al. (2006) and Usher et al. (2002) respectively). Li

et al. (2007) found that the addition of MgO to NaCl resulted in an increase in reactivity

towards SO2 larger than that expected from the individual uptake coefficients, and Zhang

et al. (2006) also found excess reactivity in a mixture of continental crust components such
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4. Heterogeneous oxidation on mineral dust

as SiO2 and MgO. Factor 3 contains a significant amount of Mg as well as other cations so

it is likely mixing of SiO2 and components with basic character, such as magnesium oxides

or olivine, has increased the reactivity of the quartz fraction of the dust to a significant

level. Spectra and adsorption mechanisms for SO2 on silicates are not available, but the

similarity of the fractionation factor for Factor 3 to that of Factor 1 suggests a similar,

but much slower, adsorption mechanism.

In summary, adsorption of SO2 to mixtures of quartz and components with basic

character results in a fractionation factor of α34 = 1.007 ± 0.011. The total sulfate

production is 0.05 µg of sulfate per mg of quartz per hour.

Factor 4

Factor 4 contributes 11.7% of the total sulfate production and produces sulfate strongly

enriched in 34S. The elemental profile shows that the factor represents clays, particularly

smectite, illite and chlorite, which have been shown to be major components of the clay

fraction of Sahara dust from the Cape Verde Islands (Coude-Gaussen et al., 1994). Inter-

layer cations such as Mg2+, Ca2+ and Na+ are likely to be the components most available

for reaction with SO2, which is consistent with the correlation between Ca and sulfate

presented in Section 4.5.2. Uptake of SO2 by MgO and CaO has a relatively high rate

(Crowley et al., 2010; Usher et al., 2002; Zhang et al., 2006), however DRIFTS IR ab-

sorption bands for sorbed S(IV) suggest sulfite is adsorbed quite differently on CaO and

MgO (Low et al., 1971; Goodsel et al., 1972), so it is unlikely the adsorption to interlayer

cations in clays can be represented by adsorption to oxides. SO2 will react directly with

CaCO3 to produce CaSO3 which is readily oxidised to CaSO4 (Al-Hosney and Grassian,

2005; Li et al., 2006), and an analogous reaction with interlayer Ca and Mg is most likely

the cause of SO2 uptake in Factor 4. Factor 4 also has a large amount of Ti, however the

fractionation factor is not in agreement with Ti uptake from Factor 1. The calculated α34

for Factor 4 is lower, i.e. closer to the α34 of Factor 1, when the dust is exposed to O3

or light, thus it appears that Ti associated with clay can only significantly contribute to

SO2 oxidation when the reaction is facilitated by light or O3.

In summary, adsorption of SO2 to interlayer cations, particularly Ca2+ and Mg2+, in

clays such as smectite results in a strongly positive fractionation of α34 = 1.085± 0.013.

Sulfate production is 2.91 µg per mg of clay minerals per hour of reaction time.
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4.5.4 Overall 34S/32S fractionation on Sahara dust

The total average fractionation factor for heterogeneous SO2 oxidation on the surface of

Sahara dust can be estimated by two methods. The weighted average of all 102 individual

NanoSIMS measurements results in a δ34S of 9.5 ± 3.9 ‰. The average composition from

the PMF, found by weighting the α34 values from the different factors by their uptake

efficiency and contribution to the total dust mass, is δ34S = 10.1 ± 9.9 ‰. The two

values agree very well and can be combined to estimate the average fractionation for the

heterogeneous oxidation of SO2 on the surface of Sahara dust:

αhet = 1.0096± 0.0036 (4.10)

This average fractionation factor is only relevant for the particular dust sample measured

in this study. The sulfur isotope fractionation factor for different dust sources should

be calculated based on the factor-specific fractionation factors and the mineralogy and

ageing of the dust of interest.

4.5.5 Sensitivity of sulfate production and isotopic fractionation

to O3, light and humidity

As discussed in the preceeding sections, isotopic fractionation shows little sensitivity to

the parameters that were varied between experiments. The relative contributions of the

four factors to sulfate production were also not significantly affected by the experimental

conditions. This shows chemical composition and mineralogy of a dust grain are the most

important parameters causing differences in isotopic fractionation, with the experimental

conditions playing a secondary role. Isotopic fractionation will be controlled by the rate-

limiting step, as the fraction reacted for other reaction steps will be ∼1, meaning that

isotopic selectivity in these steps will not have an effect on the final product. The various

experimental parameters would be likely to affect oxidation of adsorbed S(IV) but have

less effect on initial uptake (Judeikis et al., 1978; Adams et al., 2005), thus the results of

this chapter are consistent with previous laboratory studies, which have determined that

SO2 adsorption is the rate-limiting step for SO2 uptake and oxidation on mineral dust

(Ullerstam et al., 2002; Li et al., 2006).

The experimental parameters will affect the saturation behaviour of the dust, however

in most experiments the oxidation rate was low and the dust was not exposed to SO2

long enough to reach saturation (Mamane and Gottlieb, 1989). However, when the dust

is exposed to humidity, light and ozone simultaneously (MDRHO3hv), the quantity of
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sulfate produced is > 7 times higher than in any other experiment. Humidity regenerates

the reactive capacity of dust for SO2 uptake (Judeikis et al., 1978; Ullerstam et al., 2002),

possibly due to the increased mobility of surface ions which leads to the re-exposure of

active sites (Al-Hosney and Grassian, 2005). Uptake and decomposition of ozone, which

increases the basicity and oxidising capacity of the surface, is highest when irradiated and

at around ∼35% RH (Hanisch and Crowley, 2003; Nicolas et al., 2009). Many components

of dust, particularly iron and titanium oxides, are photosensitive and show increased

uptake and oxidation due to the formation of election-hole pairs (Nicolas et al., 2009;

Ndour et al., 2009; Rubasinghege et al., 2010). The photoreactivity of Ti is supported

by the lower fractionation factor for Factor 4 when exposed to O3 or light as discussed

in Section 4.5.3. There is no significant change in isotopic fractionation within any factor

for the MDRHO3hv experiments, thus the increased sulfate production is not related to a

change in mechanism. The combination of humidity, ozone and irradiation increases the

rate of SO2 oxidation, causing it to approach saturation. The experimental parameters

can then have a significant impact on counteracting saturation of SO2 uptake on dust, thus

increasing the amount of SO2 taken up and oxidised on the dust during the experiments.

The rate is of uptake and oxidation is then approximately an order of magnitude higher

than with any parameter alone.

4.6 Comparison to field studies

A number of studies have looked at isotopic ratios of sulfate in order to understand

sulfur sources and oxidation pathways. As sulfur isotope fractionation factors were not

previously available for data interpretation, ∆17O values are generally used to examine

oxidation pathways. Oxidation by ·OH radicals and O2 (which acts as the oxidant during

transition metal catalysis) result in sulfate with ∆17O = 0‰, while oxidation by O3 and

H2O2 produces sulfate with ∆17O = 8.8 and 0.8‰ respectively (Savarino et al., 2000;

Lee and Thiemens, 2001). Alexander et al. (2003) used ∆17O measurements of sulfate

in East Antarctic ice cores to show that oxidation by O3 and H2O2 was less important

in glacial periods than in the surrounding interglacials. δ34S of sulfate is also lower

during glacial periods, thus in Section 2.4.3, an increase in transition-metal catalysed SO2

oxidation due to increased dust loads in glacial periods was proposed based on laboratory

measurements of oxidation of SO2 by Fe2+/Fe3+ solutions. The results in this chapter show

that sulfur isotope fractionation during oxidation by real mineral dust leachate is equal

to fractionation during oxidation by iron catalysis, although oxidation is much faster in
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the leachate, thus supporting the hypothesis that oxidation by transition metal catalysis

is ∼27% more important in glacial periods than in interglacial periods due to increased

dust loads. Similarly, McCabe et al. (2006) measured ∆17O of sulfate aerosol in Alert,

Canada, and proposed that the importance of transition metal-catalysed oxidation was

underestimated in winter, when concentrations of Fe and Mn are approximately doubled

due to transport of polluted air masses. Norman et al. (1999) found that δ34S of non-sea

salt sulfate aerosol at Alert was lower in winter than in summer, which is consistent with

the results of McCabe et al. (2006) when the fractionation factor for transition metal

catalysis measured in this chapter is considered. Although the suite of transition metals

from a polluted source will be different to those from a dust source, this chapter has

shown that the identity of the transition metals involved in catalysis does not affect the

isotopic fractionation.

In the majority of field studies, measured δ34S of SO2 is lower than δ34S of sulfate

(eg. Saltzman et al. 1983; Mukai et al. 2001; Novak et al. 2001). Thus, considering the

fractionation factors from this chapter and from the previous chapters, isotopic measure-

ments are in agreement with modelling studies which show that transition metal catalysed

oxidation of SO2 is not the major global sulfate production pathway. For example, Sofen

et al. (2011) suggest the pathway contributes 18% of sulfate production globally. Using

the present-day partitioning between oxidation pathways from Sofen et al. (2011) and

the sulfur isotope fractionation factors from this chapter and from Chapter 2, we would

predict a global average difference of +4.7‰ between δ34S of SO2 and δ34S of sulfate.

Considering a number of studies that simultaneously measured δ34S of SO2 and sulfate

(Saltzman et al., 1983; Mayer et al., 1995; Krouse et al., 1991; Tanaka et al., 1994; Torfs

et al., 1997; Mukai et al., 2001; Novak et al., 2001), the best estimate of the globally-

averaged difference between δ34S of SO2 and δ34S of sulfate is +2.8±3.1‰. This would

require 36% of oxidation to come from transition metal ion catalysis, if the relative pro-

portions of the other pathways remained the same - an increase of 18% compared to the

current model results. However, the area covered by these studies is mainly in Europe and

North America, and there are no measurements from the polar regions and the Southern

hemisphere, so the result may not be representative of the true global picture.

There are currently no regional studies focussing on the isotopic composition of sulfate

formed on dust, although there are a number of field studies that have confirmed the

important role dust can play in regional sulfur cycles (Falkovich et al., 2001; Umann

et al., 2005; Sullivan et al., 2007). The importance of uptake at lower relative humidities

is not well known, and although it is slow compared to aqueous oxidation, its climatic
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role may be underestimated as dust does not generally encounter high humidity until

some days after emission (Dentener et al., 1996). The fractionation factors presented in

this chapter provide a new tool through which sulfur isotope measurements can be used

to examine global and regional sulfur cycles, particularly the role of oxidation on clay

minerals and in the aqueous phase.

4.7 Conclusions

The aim of this chapter was to measure fractionation of 34S/32S during oxidation of SO2

by mineral dust leachate and on mineral dust surfaces, in order to better understand the

role of SO2 oxidation by mineral dust in the sulfur cycle. The fractionation factor α34

for oxidation in the leachate was αleachate = 0.9917± 0.0046. Sulfate production was due

to oxidation of SO2 via the radical chain reaction pathway initiated by transition metal

ions leached from the dust, and the oxidation rate was found to be more than 100× faster

than oxidation by iron alone.

Heterogeneous oxidation on dry and humidified dust surfaces lead to isotopic frac-

tionation that was controlled primarily by the dust composition and not by the reaction

parameters: [O3], irradiation, and humidity. However, almost an order of magnitude more

sulfate was produced when the dust was simultaneously exposed to SO2, O3, humidity

and light. Isotopic fractionation from different reactions occurring within the same 2 µm2

area was additive, thus a multivariate analysis model could predict δ34S of the sulfate

produced on the grains within expected experimental error. Not all particles reacted with

SO2, and the model identified the four major components of dust responsible for uptake

and oxidation of SO2. The most reactive components of dust were ilmenite, rutile and

iron oxide, which produced sulfate with a fractionation factor of α34 = 1.012±0.010. The

overall fractionation factor on SDCV is αhet = 1.0096 ± 0.0036. Since the isotopic frac-

tionation is controlled by the mineralogy of the dust, it will vary for dust from different

dust source regions and between natural mineral dust and industrial dust sources.

The distinct fractionation factors for SO2 oxidation by dust leachate - for example, in

cloud droplets seeded on dust particles - and for uptake and oxidation on dust at subsatu-

rated relative humidity will be particularly useful to investigate the relative importance of

these two pathways as dust is transported. Although the aqueous reaction is much faster,

the surface reaction may be fast enough to be important when the dust encounters O3

and 30-40% relative humidity in the daytime, whereas high enough humidities for aqueous

oxidation are unlikely to be reached for several days following emission (Dentener et al.,
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1996). However, the isotopic fractionation during uptake and oxidation on Sahara dust

surface, in particular on Ti and Fe oxides and silicates, does not significantly differ from

the isotopic fractionation during gas phase oxidation of SO2 by ·OH and oxidation by O3

and H2O2 in the aqueous phase (Section 2.4.1. Therefore, further from dust sources when

high enough humidity for all of the possible oxidation pathways has been encountered,

ambient observations for Sahara dust may only be capable of quantifying the contribution

of leached transition metal ions and surface reactions on clay minerals to sulfate forma-

tion. The fractionation factor for SO2 oxidation by transition metal catalysis is distinct

from oxidation on the dust surface, other than feldspar minerals, and by H2O2 and O3 in

the aqueous phase and ·OH in the gas phase. It will provide a means to assess the global

and regional importance of transition metal-catalysed SO2 oxidation, by both dust TMIs

and anthropogenic TMIs, which cannot be easily predicted from measurable parameters

such as soluble iron concentration. Oxidation on feldspar minerals was found to be slow

and would only present a minor interference for these calculations.
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Chapter 5

Investigating cloud processing with

sulfur isotope analysis of particles

and gases during HCCT 2010

This chapter is in preparation for publication as Harris, E., Sinha, B., Hoppe, P., Schnei-

der, J., van Pinxteren, D., Fomba, W., Mertes, S., Gnauk, T., Fahlbusch, B., Lee, T.,

Foley, S., Borrmann, S. and Herrmann, H. (2012) Atmospheric Chemistry and Physics

Discussions, 12, HCCT Special Issue.

5.1 Introduction

Sulfate-containing atmospheric particles have a significant but uncertain climatic effect

through their role in radiative forcing (Solomon et al., 2007), and are also important

as heterogeneous reaction surfaces and for acid deposition, human health and visibility

(Seinfeld and Pandis, 1998). In-cloud SO2 oxidation and production of sulfate aerosol

mass results in significant changes in aerosol size distribution and hygroscopicity, which

is particularly important in controlling the climatic effect of aerosol. Understanding the

effect of these changes on the magnitude of radiative forcing is essential to model the

impact of anthropogenic SO2 emissions and sulfate aerosol on the past and future climate.

In-cloud mass addition occurs as particles enter a cloud and are activated to form

cloud droplets. Upon leaving the cloud, the droplets evaporate to form single particles

containing both the initial mass and the aqueous phase products formed in the cloud, as

droplets rarely break up during evaporation (Mitra et al., 1992). Mass is added to aerosols

as they pass through clouds by a variety of processes. The uptake of gas-phase species such
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as H2SO4, HCl, HNO3 and ammonia can contribute the majority of in-cloud mass gain

in some conditions (Flynn et al., 2000), but the oxidation of SO2 to sulfate is generally

considered to be the most important in-cloud mass production pathway (Bradbury et al.,

1999; Laj et al., 1997a,b; Mertes et al., 2005a). SO2 is oxidised to sulfate in the aqueous

phase by O3, H2O2 and transition metal-catalysed oxidation by O2 (Sander et al., 1995;

Bower et al., 1997). H2O2 is commonly modelled to be the most important in-cloud

oxidant, due to the strong pH dependence of oxidation by O3, and the low concentrations

of transition metals combined with the slower modelled rate of transition metal-catalysed

oxidation (Bower and Choularton, 1993; Sander et al., 1995; Suhre et al., 2000; Hegg

et al., 2004).

In-cloud sulfate mass addition is not evenly distributed across the upwind aerosol pop-

ulation. CCN activity and activation depends on the size and hygroscopicity of particles,

as well as the strength of the updraught, the wind speed and supersaturation, and other

processes such as entrainment mixing of drier air (Mertes et al., 2005b; Kasper-Giebl

et al., 2000; Bower and Choularton, 1993). Mass is only added to those particles which

are able to activate in the cloud, resulting in a bimodal size distribution with the Hop-

pel gap at 50-100 nm following cloud processing (Hoppel et al., 1986, 1994; Bradbury

et al., 1999; Yuskiewicz et al., 1999). Once activated, uptake of gas-phase sulfuric acid

is most important for smaller droplets, which have a higher surface area to volume ratio

and can take up gas-phase species much more efficiently than large droplets (Flynn et al.,

2000). H2O2 is often a limiting oxidant, thus it adds the majority of sulfate to those

particles activated early in the cloud - the most efficient CCN - and has little effect on the

downwind CCN number concentration. Entrainment often adds H2O2 later in the cloud,

but as the entrained air is dry it can cause the smallest droplets to evaporate (Bower

et al., 1997). Oxidation by O3 is strongly self-limiting as the oxidation rate decreases

by several orders of magnitude below a pH of ∼5.5 (Seinfeld and Pandis, 1998), thus it

is most important for particles with the highest pH (Kreidenweis et al., 2003). Even in

these particles, the pH limitation means that oxidation by O3 is a minor pathway unless

a strong source of alkalinity or ammonia is present (Redington et al., 2009). Oxidation

by transition metal catalysis is not pH-dependent and the oxidant (O2) is not limiting,

however the concentration of transition metals present in cloud water depends on the

composition of the nucleating particle, which varies with size and particle type (Bruegge-

mann et al., 2005). Thus, the total amount of sulfate added in the cloud is not evenly

distributed across the aerosol population, and bulk analyses cannot adequately resolve

size-dependent alterations in size and hygroscopicity.
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The climatic effect of cloud processing is also size-dependent. The direct aerosol effect

involves climatic cooling of -0.3 to -1 W m−2 due to scattering of solar radiation by

particles (Jones et al., 1994; Boucher and Lohmann, 1995). Scattering is most efficient

for particles in the size range of 0.3-0.8 µm, the wavelength of visible light, thus sulfate

produced in-cloud on pre-existing particles has a greater direct aerosol effect than the

ultrafine particles formed from gas-phase SO2 oxidation (Hegg, 1994). Sulfate addition in

clouds increases the magnitude of direct radiative forcing both by increasing particle size

and by increasing particle hygroscopicity (Yuskiewicz et al., 1999), and can increase the

scattering efficiency of the particle population by >10-100% (Lelieveld and Heintzenberg,

1992; Yuskiewicz et al., 1999; Hegg et al., 2004).

The indirect aerosol effect refers to the increase in cloud condensation nuclei (CCN)

number concentration due to anthropogenic activities, which results in smaller, more

numerous cloud droplets for the same liquid water content (LWC), and thus increased

cloud albedo and lifetime (Twomey, 1991; Boucher and Lohmann, 1995). The magnitude

of forcing from the indirect effect is highly uncertain due to the complex and non-linear

relationships between sulfate concentration, CCN number, and cloud droplet number

concentration (Twomey, 1991; Jones et al., 1994; Boucher and Lohmann, 1995). The

effect of sulfate addition on CCN concentration is most significant for the smallest, least

hygroscopic particles, which need only a small sulfate addition to be significantly more

active as CCN (Bower and Choularton, 1993). The most prominent process adding sulfate

to small or hydrophobic particulate during the daytime is condensation of H2SO4 (g),

while cloud processing may play an important role at night. Eventually all processed

particles can already act as efficient CCN, thus the effect of cloud processing on indirect

radiative forcing is most important for freshly released particles; processing of aged aerosol

primarily affects direct radiative forcing.

The environmental and climatic effects of sulfate addition are therefore not adequately

described by bulk measurements: the processes contributing mass need to be resolved

for particle type and size to determine how in-cloud mass production alters aerosol size

distributions and radiative forcing. Measurement of stable sulfur isotope abundances is

the only technique available that can distinguish between sulfate produced by different

reaction pathways. Sulfur isotope abundances are described with the delta notation,

which is the permil deviation of the ratio of a heavy isotope to the most abundant isotope

(32S) in the sample compared to a standard ratio:

δxS (‰) = [
( n(xS)
n(32S)

)sample

( n(xS)
n(32S)

)V−CDT

− 1]× 1000 (5.1)
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where n is the number of atoms, xS is one of the heavy isotopes, 33S, 34S or 36S, and V-CDT

is the international sulfur isotope standard, Vienna Canyon Diablo Troilite, which has

isotopic ratios of 34S/32S = 0.044163 and 33S/32S = 0.007877 (Ding et al., 2001). Isotope

fractionation is characteristic for reactions, thus isotopic measurements can be used to

distiguish between different reaction pathways, such as the different oxidation pathways

for SO2. Kinetic isotopic fractionation is represented by the fractionation factor (α),

which is the ratio of the heavy to the light isotope amount in the instantaneously-formed

product divided by the ratio in the reactant:

α34 =
(n(34S)
n(32S)

)products

(n(34S)
n(32S)

)reactants

(5.2)

Values of α34 for the major oxidation pathways - oxidation by ·OH, H2O2, O3 and tran-

sition metals - have been measured (Chapters 2 and 4), and will be particularly useful

to quantify the importance of transition-metal catalysed oxidation of SO2 compared to

oxidation by H2O2 in clouds.

This study presents measurements of sulfur isotope abundances in SO2 and H2SO4 gas

and in particulate matter upwind, in-cloud, and downwind of an orographic cloud during

the Hill Cap Cloud Thuringia (HCCT) campaign. Isotope ratios were measured with the

NanoSIMS, which allowed different particle sizes and types to be resolved. The gas-phase

results unexpectedly showed that transition metal-catalysed oxidation of SO2, which is

isotopically distinct as it is the only oxidation pathway favouring the light isotope, was

the most important in-cloud SO2 oxidation pathway. The measurements were able to

determine the dominant process contributing sulfate mass to different particle classes in

the cloud, and show that there is significant variation in the dominate sulfate source

with particle size and type. Although it may not dominate the total quantity of sulfate

addition, condensation and coagulation of H2SO4 and ultrafine particluate was the most

important mass addition pathway for altering the CCN number concentration.

5.2 Experimental

5.2.1 Site description

The field measurements were carried out in the Thüringer Wald in central Germany in

Autumn, 2010. The site is located on a low mountain ridge which extends for around

60 km in a south-east to north-west direction. South-westerly winds are forced to cross

the ridge which often results in orographic cloud formation as air parcels are lifted and
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supersaturations are reached. Measurements were taken at three stations. The in-cloud

measurement station is located at the Umweltbundesamt (Federal Environment Agency)

mountain station ‘Schmücke’ at a height of 937 m asl. The upwind station ‘Goldlauter’

(605 m asl) is located around 3 km southwest of Schmücke and the downwind station

‘Gehlberg’ (732 m asl) is around 3 km to the northeast of Schmücke, thus south-westerly

winds cause air parcels to pass through the three stations in series.

5.2.2 Measurement periods and meteorology

Cloud events

Hill-cap cloud measurements were taken when the following conditions were met: The

liquid water content at Schmücke was > 0.1 g m−3, the wind direction was between 200◦

and 250◦ (to ensure connected flow between the sites), the wind speed was between 2 and

12 m s−1, the valley stations were free of fog and all sites were free of precipitation, the

temperature was > 0◦C, and the meteorological conditions were stable. All measurement

periods were rated according to ozone concentration cross-correlation and hydrodynamic

flow analysis (Tilgner et al., 2005). Connected flow between the sites was also periodically

measured with tracer experiments following the release of an inert gas (SF6) at Goldlauter,

with measurements at 5-minute intervals at nine sites including the in-cloud and downwind

stations.

Samples for sulfur isotope analysis were collected during three cloud events. The

sampling times and meteorological conditions are shown in Table 5.1. The HYSPLIT

(NOAA Air Resources Laboratory) back trajectories for the three cloud events are shown

in Figure 5.1 compared to the SO2 emission strength (CEIP, 2010). The first event, FCE

7.1, was relatively short and had a lower LWC than the other two events, thus it was

a less optimal event. FCE 11.2 showed some evidence of overflow in the connected flow

analysis and FCE 11.3 had very good connected flow conditions. The concentration of

SO2 was higher in the events FCE 11.2 and 11.3 than in FCE 7.1. This can be attributed

to the back trajectories, which passed over the high-emission region to the south east of

the measurement area. Temperature and other meteorological parameters were similar

across the three events.
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Emissions (mg):
< 400 

> 4000 
2000 - 4000 
800 - 2000 
400 - 800 

 NC 1

FCE 11.2

FCE 7.1

FCE 11.3

Figure 5.1: Air mass back trajectories for cloud events at the HCCT campaign.

Emissions are in Mg (106 g) and are from the Centre on Emission Inventories and Pro-

jections (CEIP, 2010)
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Non-cloud event

One sample was collected when no hill cap cloud was present at Schmücke, for comparison

with the cloud events. LWC was <0.1 g m−3 at Schmücke although there were high clouds

present. The details of the event are shown in Table 5.1 and the back trajectory in Figure

5.1. The non-cloud event does not present a perfect comparison to the cloud events

as the wind was north-easterly rather than south-westerly; thus flow will proceed from

Gehlberg over Schmücke to Goldlauter. No suitable non-cloud period with south-west

winds occurred during the measurement time and this event represents the best possible

comparison. For the rest of the chapter, stations will simply be referred to as upwind,

in-cloud/mountain and downwind to avoid confusion.

5.2.3 Particulate sampling

Particulate samples were collected on filter packs at all three measurement stations, how-

ever they were unfortunately not collected during FCE 7.1 due to equipment problems.

Nuclepore track-etch polycarbonate membrane filters (Whatman Ltd.), which had been

coated with a 10 nm-thick gold layer using a sputter coater (Bal-tec GmbH, Model SCD-

050) prior to sample collection, were used to collect particulate samples. Coarse particles

were collected on a filter with 5 µm pores and fine particles were collected on a filter

with 0.2 µm pores. The calculated 50% cut-off diameters at 1 L min−1 flow rate are 1.9

µm and 60 nm for coarse and fine filters respectively (John et al., 1983). The latter is

in good agreement with the SEM-measured lower cut-off diameter of 50 nm for the fine

particles (Sinha et al., 2012a). The effective cut-off between the coarse and fine filters

found from SEM measurements is around 600 nm, with tails in both directions caused

by the random distribution of pores across the filter and variations in particle density

and shape (Sinha et al., 2012a). Whenever only particles <1 µm were encountered for

a particular particle type in a particular sample, particles on both filters were combined

and classified as fine. For particle classes where both “coarse” (>1 µm) and “fine” (<1

µm) particles were encountered in a given sample, the fine and coarse filters will be used

as a guide to the size-dependency of different processes in the discussion in Section 5.3.5.

The cut-off does not conform exactly to the traditional definitions of coarse particles > 1

µm > fine particles.

At the in-cloud measurement site, interstitial particles and cloud droplets were col-

lected separately with a counterflow virtual impactor (CVI) and a complementary droplet-

segregating interstitial inlet (INT) (Schwarzenboeck et al., 2000; Mertes et al., 2005b).
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The system had an operationally-defined discrimination diameter of 5 µm for separation

of the two aerosol populations. The two sample types, which represent droplet residu-

als - particles that were activated to form cloud droplets - and unactivated interstitial

particles, will hereafter be referred to as ‘cloud droplet residuals’ and ‘interstitial par-

ticles’. Particles with a dry diameter >5 µm (mineral dust) would be included in the

cloud droplet residual fraction whether they were activated or not. The largest mineral

dust particles were, however, not analysed to prevent artefacts due to the inlet cut-off

and due to electrostatic charging, which affects the correction of the instrumental mass

fractionation during NanoSIMS analysis (Winterholler et al., 2008).

5.2.4 Gas phase sulfur sampling

After particulate was removed from the sampling air flow, SO2 and sulfuric acid gases were

collected for isotopic analysis at the upwind and downwind sites. A detailed description

and validation of the collection methods is presented in Section 2.3.4 and only a brief

description will be given here. SO2 was collected in a bubbler containing 6% H2O2.

The H2O2 solutions were prepared freshly immediately before beginning collection. The

collection efficiency is 39% and a fractionation of +11.5±1.3‰ is introduced, which will

be corrected in all results presented in this chapter. Sulfuric acid gas was collected in

glass vessels with a high internal surface area. This does not represent pure gas but will

primarily contain ultrafine and freshly nucleated particles; as the 50% cut-off diameter of

the fine filters is ∼50 nm, sulfate in particles below this size will contribute to the ‘sulfuric

acid’ measurement. The collection efficiency for the sulfuric acid collectors is close to 100%

so no correction is needed for isotopic fractionation during collection. Following an event

(2-8 hours) the flow to the collectors was turned off. Within three hours after the end of

sampling the two collectors were rinsed with MilliQ water into clean sample jars and BaCl2

was added to precipitate sulfate as BaSO4. The BaSO4 was later collected for NanoSIMS

and SEM analysis by filtering the samples through gold-coated Nuclepore filters with 0.2

µm pores.

5.2.5 Other measurements

In addition to sulfur samples for isotopic analysis, a wide variety of other measurements

were taken during the campaign (see van Pinxteren et al. 2011). A brief description of

the measurement techniques for all measurements used in this study will be given here;

more details can be found in the accompanying papers in the HCCT special issue of
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Atmospheric Chemistry and Physics.

SO2 concentration was measured with a time resolution of one minute using a Thermo

Environmental trace level pulsed fluoresence SO2 analyser (model TE43C-TL) at Gehlberg

and Goldlauter and an MLU enhanced trace level SO2 analyzer (model 43i-) at Schmücke.

H2O2 was measured in cloud water collected on a 3-stage impactor. The H2O2 is preserved

on site with p-hydroxyphenylacetic acid (POPHA) to form a stable dimer; potassium hy-

drogen phthalate and EDTA are also added to buffer the solution and prevent interferences

from metal ions. The POPHA-H2O2 dimer is later measured quantitatively with a fluores-

cence spectrophotometer (Moore et al., 2004a,b). Water-soluble gases and particles were

measured with MARGA (Monitor for AeRosols and Gases in Air). Gases are collected

in a wet rotating denuder, while particles are grown to droplets containing the water

soluble inorganic ions at high supersaturation in the steam jet aerosol collector. The

liquid samples are then analysed online via an ion chromatography system (Trebs et al.,

2004). Particulate composition was measured with Aerosol Mass Spectrometry (AMS):

a C-ToF-AMS was used for the cloud droplet residual fraction and an HR-ToF-AMS for

the interstitial fractionation at Schmücke (Aerodyne Research, Inc.). Cloud droplet size

distributions were measured with an FSSP-100 (Forward Scattering Spectrometer Probe,

PMS Inc.) at all sites.

Transition metal ion (TMIs) were measured in bulk cloud water. Bulk cloud water was

collected using a homemade bulk cloud water collector with an hourly sampling routine. 1

ml of cloud water was used for transition metal ion measurements. The sample was filtered

using a 0.45 µm filter, and 0.5 ml of the filtrate was then used for TMI determination

using an ion chromatograph (IC, Dionex ICS 900). The following TMI complexes were

detected simultaneously at 530 nm using a variable wavelength UV/VIS detector: Fe (III),

Cu (II), Ni (II), Zn (II), Cd (II), Co (II), Mn (II), and Fe (II). The ions were identified

from their respective retention times on the chromatogram and quantification was done

via external calibration. The detection limit of the iron species was about 0.1 M. Most

other metals had similar detection limits to the iron species, except Ni and Cd, which had

a detection limit 70-80% higher.

5.2.6 SEM and NanoSIMS analysis

Scanning electron microscope (SEM) measurements were used to classify different particle

types and investigate their chemical composition. The samples could be directly analysed

in the SEM after collection on gold-coated filters without any further treatment. A

LEO 1530 field emission SEM with an Oxford Instruments ultra-thin-window energy-
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dispersive x-ray detector (EDX) was run in automatic mode, taking regularly-spaced

images of the coarse and fine filters at 6500× and 19500× magnification respectively.

The SEM was operated with an accelerating voltage of 15 keV, a 60 µm aperture and a

working distance of 9.6 mm. “High current mode” was used to increase the EDX signal

and improve elemental sensitivity. The SEM automatic analysis leaves a grid pattern on

the gold-coated filters that is visible in the CCD camera of the NanoSIMS, which allows

NanoSIMS and SEM images of the filters to be matched. The SEM images of the filters

were also used to calculate size distributions for the different particle types to investigate

properties important for CCN activity (Sinha et al., 2012a).

Following automatic analysis in the SEM, the sulfur isotopic composition of the parti-

cles was determined with the Cameca NanoSIMS 50 ion probe at the Max Planck Institute

for Chemistry in Mainz (Hoppe, 2006; Groener and Hoppe, 2006). The NanoSIMS 50 has

a high lateral resolution (<100 nm) and high sensitivity and can simultaneously mea-

sure up to five different masses through a multicollection system, allowing high precision

isotope analysis of single particles. Two types of NanoSIMS analysis were used in this

study: an image analysis, where the counts of the various ions are recorded at each point

of the raster to create an image of the ion intensity, such as that shown in Figure 5.2, and

an isotope analysis, where the counts are integrated across the raster area to obtain an

accurate value for the isotope ratios. Image analyses will be referred to only in Section

5.2.7 and will not be used to calculate values of δ34S in the samples. The use of this

instrument to analyse sulfur isotope ratios in the isotope ratio analysis mode is described

in detail in Winterholler et al. (2006, 2008) and analysis conditions similar to those used

for the current study are given in Section 2.3.5, so only a brief description will be included

here.

The particulate samples and the BaSO4 from the gas samples can be analysed directly

on the gold-coated filters without further processing. A ∼1 pA Cs+ beam is focussed onto

a ∼100 nm sized spot and rastered in a 2 µm × 2 µm grid over the grain of interest. The

ejected secondary ions are carried into the mass spectrometer and multicollection system.

Each measurement consists of <400 cycles of 4.096 s duration preceded by varying lengths

of presputtering until the count rate is stable. Very small particles are quickly completed

sputtered away, so some analyses can be as short as 50 cycles. Presputtering is carried out

on an area of at least 10 µm × 10 µm to conserve sulfate for analysis. For the particulate

samples secondary ions of 16O−, 12C−
2 , 26CN−, 32S− and 34S− were measured. For the

BaSO4 samples of gas-phase sulfur, some samples were measured for secondary ions of
16O−, 12C−

2 , 26CN−, 32S− and 34S− and some for 16O−, 32S−, 33S−, 34S− and 36S−. In both
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cases the 34S/32S ratio was measured with equal precision. The five secondary ion types

were simultaneously detected in five electron multipliers at high mass resolution (M/∆M

> 3900 for 33S).

Mass-dependent and mass-independent instrumental mass fractionation (IMF) can

occur at several stages of the SIMS analysis, so the IMF correction factor in each mea-

surement session is determined with the commercially available BaSO4 isotope standards

IAEA-SO5 and IAEA-SO6. The IMF of the particles is also dependent on their matrix.

The IMF correction factors for different matrices relative to BaSO4 from Winterholler

et al. (2008) were used to correct for matrix-dependent IMF on the different particle

types. The method for determining particle type is presented in Section 5.2.7. Secondary

organic aerosol (SOA) droplets containing inorganic salts, hereafter referred to as ‘mixed

droplets’, with an O/S ratio (measured in the NanoSIMS) of < 2 were considered to be

‘organic’ and were corrected with the IMF for cysteine (−13.5±1.7‰ relative to BaSO4).

The most abundant cations in ‘inorganic’ mixed droplets (O/S > 3 in NanoSIMS) were

found from the SEM-EDX analysis to be Na and K, so these particles were corrected by

weighting the individual IMFs for Na and K by their abundances (−8.4± 2.7‰ relative

to BaSO4). Mixed droplets with an O/S ratio between 2 and 3 were corrected by assum-

ing they consisted of a mixture of organic and inorganic sulfates, thus the average IMF

for organic and inorganic mixed droplets of −11.0 ± 3.2‰ relative to BaSO4 was used.

Coated soot particles were corrected for matrix-dependent IMF in the same manner as

the mixed droplets. Chlorine was enriched on the mineral dust particle surfaces, sug-

gesting the presence of condensed salts, which could supply cations to form sulfate salts.

The cations within the dust are likely to be tightly-bound and not available to interact

with sulfate. As with the inorganic mixed droplets, Na and K were found to be the most

important cations and the abundance-weighted IMF was used (−8.4 ± 3.7‰ relative to

BaSO4; the error is higher than for the mixed droplet IMF as less mineral dust particles

were measured).

The number of counts is assumed to follow a Poisson distribution, so the counting sta-

tistical error is
√
n, i.e. the relative error is 1/

√
n (Bevington and Robinson, 1992). The

uncertainty in the isotopic composition of BaSO4 from gas-phase sulfate was calculated

as described in Section 2.3.5. Some spot-to-spot variation is also seen between individual

measurements on a filter, most likely due to topographic effects or nanoscale inhomogene-

ity, and this must be accounted for in the particulate measurements. The spot-to-spot

error of the SO5 and SO6 standards was used as an estimate of the spot-to-spot error

for the measurement session, and this was then combined with the counting statistical
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error to determine the measurement uncertainty for each individual grain. The error in

the matrix-specific IMF was also included in the error for each grain. For each individual

grain, the counting statistical error was typically 5-7‰ and the overall error 7-8‰. The

weighted average of individual grain values was used as the average δ34S for each particle

class, with the uncertainty in the mean multiplied by
√
χ2 for χ2 > 1.

5.2.7 Classification of particle types

The different particle types present in the HCCT samples were investigated in both the

SEM and the NanoSIMS to develop a classification method that would allow particle types

to be identified with only the major element count rate ratios from NanoSIMS isotope

analyses. This means that the particles with the highest sulfur count can be selected in the

NanoSIMS real time image, resulting in isotopic analysis with the smallest uncertainty,

without the constraint of only measuring the isotope ratios of particles for which there

is an SEM image. Taking the SEM image after the NanoSIMS analysis is only possible

for the largest and most robust particles; most particles are completely sputtered away

during the NanoSIMS analysis.

Major elements ratios (16O, 12C2, 26CN and 32S) measured in the NanoSIMS were

characterised for the different particle types by matching SEM and NanoSIMS images from

10 coarse and 5 fine particulate filters. Two examples of matched SEM and NanoSIMS

images are shown in Figure 5.2. Five particle types were identified from the SEM images

based on morphological characteristics and EDX signal: SOA, mixed droplets, mineral

dust, soot, and soot with a coating. The major element ratios were converted to molar

fractions according to Sinha et al. (2012b):

XA =
nA

nO + nC + nN + nS

(5.3)

where A = O, C, N or S. The characteristic ranges of XA for the five different particle

types are shown in Figure 5.3.

Using these characteristic ranges as well as the ratio of oxygen to sulfur, it was possible

to distinguish the different particle types from a NanoSIMS isotopic analysis without

a corresponding SEM image. Although there is significant overlap in many ratios, all

particle types could be distinguished. Soot and coated soot particles have high XC, low

XS and high O/S, while SOA droplets and mixed droplets have the lowest O/S ratios

and higher XS, and mineral dust has high O/S and low XC and XS. The most overlap is

between pure SOA and mixed droplets, indicating that the SEM is not a suitable tool to

detect small amounts of inorganic material in organic particles. Many salts present in fine
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Figure 5.2: SEM and NanoSIMS images of the same area on a fine (top) and

coarse (bottom) particulate filter. Particles are circled with different colours accord-

ing to particle type: yellow = mixed droplet, green = secondary organic aerosol, black =

soot, white = soot + coating.

mode aerosol are highly volatile under the electron beam (e.g. most salts of ammonium)

but more stable under Cs+ bombardment (Winterholler et al., 2008). Therefore, we

will treat all droplets as mixed and consisting of secondary organic (SO) and secondary

inorganic (SI) material in variable proportions, even if no SI fraction is visible in the SEM.

The accuracy of the classification method was tested on 21 particles which were all

found in the SEM and the NanoSIMS and had sufficient sulfur counts for an isotopic

analysis. These 21 particles were not used when defining the characteristic ranges of the

ratios, thus they present a robust and independent test of the classification method. 19 of

the 21 particles were correctly identified using the ratios, thus the classification is >90%

successful.
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5.3 Results

5.3.1 SO2 concentration

The SO2 concentrations at the different stations show the amount of SO2 removed in

each cloud event and the effects of entrainment. Time series of SO2 concentration during

the measurement periods are shown in Figure 5.4. The concentration of SO2 increases

between the measurement stations in the non-cloud event ([SO2]upwind = 0.15±0.23 ppb

and [SO2]downwind = 0.41±0.11 ppb); the average concentration at the in-cloud station is

0.17±0.04 ppb, which is very similar to the concentration upwind. As the setting is rural

and there are no local pollution sources located between the stations, the SO2 addition

is due to mixing of free tropospheric SO2. Free tropospheric SO2 is long-lived and well-

mixed compared to boundary layer SO2, so it can be assumed that the free tropospheric

SO2 concentration is similar across the four measured events (Thornton and Bandy, 1993;

Thornton et al., 1996). Thus, the increase in SO2 concentration (0.26±0.25 ppb) during

the non-cloud event will be used as the best estimate for the level of SO2 added by

entrainment during the cloud events. During all the cloud events, the SO2 concentration

decreases as the air parcel passes through the cloud. The fraction of SO2 remaining at

the downwind site f was calculated from f = [SO2]downwind/[SO2]upwind with a 25 minute

lag time to account for transport, based on the average transport time seen in the tracer

experiments. The time series of the fraction of SO2 lost (1 - f) is shown in Figure 5.4. The

average values of f for each event calculated with and without the addition of 0.26±0.25

ppb from entrainment are shown in Table 5.2.

SO2 can be lost during passage through the cloud by dry deposition and by uptake

and oxidation in cloud droplets. The estimated dry deposition flux of SO2 is ∼0.5 day−1

(Chin et al., 2000), which would account for <1% SO2 loss during the 25 minute transport

time between the upwind and downwind stations, thus the majority of SO2 loss is due to

uptake and oxidation in cloud droplets. The total fraction of SO2 removed by uptake and

oxidation is the same in all three events (83, 84 and 82% of upwind SO2 for FCE 7.1, 11.2

and 11.3 respectively, considering entrainment), and in all three clouds a similar fraction

of SO2 is lost between the upwind and in-cloud stations and between the in-cloud and

downwind stations. This shows the dominant oxidation pathway is not dependent on UV

light, the oxidant is not quickly exhausted after the air parcel enters the cloud, and the

rate of removal is proportional to the concentration of SO2.
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Figure 5.4: SO2 (g) concentrations upwind, within and downwind of an oro-

graphic cloud during the HCCT campaign. SO2 concentrations are shown in blue

while the fraction of SO2 lost (fraction lost = 1 − f = 1 − [SO2]downwind/[SO2]upwind) be-

tween the upwind and downwind stations is shown in red. During the non-cloud event

NC 1 the SO2 concentration was higher downwind than upwind thus the fraction lost is

shown.
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5.3.2 Isotopic composition of SO2 gas

The δ34S of sulfur dioxide at the different measurement stations reflects isotope discrimi-

nation during uptake and oxidation in cloud droplets. The different oxidants that could

react in the cloud, such as H2O2 or transition metals, produce distinct sulfur isotope frac-

tionation, thus the dominant oxidation pathway can be determined (see previous chapters

for measurements). The δ34S values for SO2 measured at the upwind and downwind sta-

tions are shown in Table 5.2 and Figure 5.5. During FCE 11.2 and 11.3, SO2 removal

favours the light isotope, resulting in an increase in δ34S of SO2 between the upwind

and downwind stations; during FCE 7.1 the opposite occurs, and the downwind SO2 is

isotopically lighter than the upwind SO2. These isotopic changes can be compared to

known isotopic fractionation factors for different oxidation pathways. The fractionation

factor for the passage of the air parcel through the cloud is calculated from the Rayleigh

equations (Mariotti et al., 1981; Krouse and Grinenko, 1991), which describe the relation-

ship between the fractionation factor, fraction reacted, and initial and residual reactant

isotopic composition:

αcloud =
ln(Rdownwind

Rupwind
)

ln(f)
+ 1 (5.4)

where Rupwind and Rdownwind are the isotope ratios 34S/32S of SO2 at the upwind and

downwind sites, which represent the initial and residual SO2 isotopic composition respec-

tively, and f is the fraction of the upwind SO2 remaining at the downwind site as defined

previously. αcloud will not be representative of a single process but will be the sum of all

the SO2 removal processes occurring in the cloud:

αcloud =
f1.α1 + f2.α2...fn.αn

f1 + f2...fn
(5.5)

when n different SO2 removal processes are acting in the cloud, assuming processes are

occurring simultaneously and at constant relative rates. This is a valid assumption as the

pseudo-first order rate relative to SO2 concentration is approximately constant throughout

the cloud.
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Entrainment and dry deposition are the two major interferences that could affect the

comparison between αcloud and potential oxidation pathways. Dry deposition of SO2 will

be expected to introduce isotopic fractionation as it is limited by the diffusion rate, which

is mass-dependent according to (Tucker and Nelken, 1982):

Dair =
0.001T 1.75M

1/2
r

P (V
1/3
A + V

1/3
B )2

(5.6)

where Dair is the diffusion coefficient of the molecule of interest in air (cm2 s−1), T is the

temperature (K), Mr is the reduced molecular weight MA+MB

MA.MB
where MA is the molecular

weight of air (∼28.97 g mol−1) and MB is the molecular weight of the molecule of interest

(SO2), P is the pressure (atm) and VA and VB are the molar volumes of air and the

compound of interest respectively (cm3 mol−1). The value of αdrydep is then estimated

as the ratio of Dair(
34SO2) to Dair(

32SO2): αdrydep = 0.991. There is no temperature or

pressure dependence as the terms cancel when the ratio of the two diffusion coefficients is

calculated. However, as stated in Section 5.3.1, dry diffusion is expected to remove < 1%

of SO2 in the short time period between upwind and downwind measurements. Equation

5.4 can be used to estimate the change in δ34S of SO2 that can be accounted for by dry

deposition: With f = 0.99 (1% removed) and α = 0.991, the downwind (residual) SO2 is

just 0.09‰ heavier than the upwind SO2. To account for the observed increase of >20‰
in δ34S of SO2 between the upwind and downwind stations during FCE 11.2 and 11.3,

dry deposition would need to remove >88% of SO2. This is not feasible, because i) dry

deposition does not occur at this rate and ii) there is no SO2 source between the stations

that could account for downwind SO2 concentrations if dry deposition was occurring at

this rate. Thus, dry deposition has a negligible effect on the isotopic composition of SO2

gas.

Entrainment affects the calculation of αcloud as it adds SO2 between the upwind and

downwind stations, which affects both the calculated value of f and the δ34S of downwind

SO2. As discussed in the previous section, the addition of SO2 during the non-cloud event

provides the best estimate for the level of entrainment during cloud events. The isotopic

composition of the SO2 added between upwind and downwind stations in NC 1 can be

calculated from:

RD =
RA · [SO2]A +RU · [SO2]U

[SO2]A + [SO2]U
(5.7)

where RU , RD and RA are the isotopic ratios 34S/32S for upwind, downwind and added

SO2 respectively, and [SO2]U , [SO2]D and [SO2]A are the SO2 concentrations upwind,

downwind, and contributed by the addition respectively ([SO2]D = [SO2]U + [SO2]A).

The added SO2 in NC 1 has a δ34S of 7.4±3.4‰, which provides a good estimate for the
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Figure 5.5: Isotopic composition of SO2 (gas) and H2SO4 (gas + ultrafine par-

ticulate) upwind and downwind of orographic clouds during the HCCT cam-

paign. Points show the upwind and downwind values of δ34S while columns show the

change (downwind minus upwind) and the 1σ error of the measurement.

isotopic composition of entrained SO2 during cloud events, as free tropospheric SO2 is

relatively long-lived and well-mixed (Thornton and Bandy, 1993; Thornton et al., 1996).

The effect of entrainment on αcloud is calculated by assuming 0.26±0.25 ppb of SO2 is

simply added at the upwind station and then oxidised as the air parcel passes through

the cloud. Although this is not a realistic picture, as SO2 will be entrained in parcels

throughout the cloud as updraughts and downdraughts change, the extra error introduced

by the assumption is negligible. Accounting for the effect of entrainment on f reduces

the magnitude of the calculated αcloud by an average of 10.5‰ for the three events, while

accounting for the effect of entrainment on δ34S increases the calculated αcloud by only

3.6‰ for the three events. The values of αcloud accounting for the effect of entrainment

on both f and δ34S are shown in Table 5.2.

There are a number of potential oxidants that could contribute to SO2 oxidation
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in the cloud. The calculated values of αcloud which have been corrected for the effects

of entrainment can be used to identify the dominant oxidation pathway in each cloud

event. Aqueous oxidation of SO2 by O3 and H2O2 results in a fractionation of α34 =

1.0167±0.0019 at 0◦C (Section 2.4.1). Oxidation by H2O2 is generally thought to be the

dominant oxidation process in continental clouds (Bower et al., 1997; Laj et al., 1997b).

O3 is unlikely to be a significant contributer to in-cloud oxidation as oxidation is observed

to continue throughout the passage of the air parcel through the cloud; O3 oxidation

is strongly pH dependent and will very quickly be self-limiting (Sievering et al., 1991;

Chameides and Stelson, 1992). Based on αcloud, H2O2 oxidation is the major oxidation

pathway in FCE 7.1, however during FCE 11.2 and 11.3 it cannot be a major oxidation

pathway as it causes isotopic fractionation in the opposite direction to αcloud. Oxidation

of SO2 by transition metal ion catalysis (Herrmann et al., 2000), from anthropogenic

pollution or leached from mineral dust (Kumar et al., 2010; Kumar and Sarin, 2010), has

an α34 of 0.9905±0.0031 (Section 4.4.2) which agrees with αcloud for FCE 11.2 and 11.3

but not FCE 7.1. Thus, it can be inferred from the values of αcloud that:

• During FCE 7.1 oxidation by H2O2 in cloud droplets was the major SO2 removal

process,

• During FCE 11.2 and 11.3 oxidation by transition metal catalysis, involving tran-

sition metal ions from anthropogenic and dust sources, was the major SO2 removal

process,

• The major SO2 removal process does not depend on whether the cloud is present

in the daytime or at nighttime, but is related to the liquid water content and the

transition metal ion source and loading.

5.3.3 Isotopic composition of H2SO4 gas and ultrafine particles

The isotopic composition of sulfuric acid gas and ultrafine particulate reflects fraction-

ation during removal and constrains the δ34S value of the sulfate that can be added to

particulate in the cloud by condensation and coagulation. The upwind and downwind

measurements of the isotopic composition of ultrafine sulfate particulate and sulfuric acid

gas are shown in Figure 5.5. A faulty sample meant no downwind isotopic composition

could be measured for NC 1. The concentration of sulfuric acid gas was not measured

during the campaign. Typical daytime sulfuric acid gas concentrations are 106 - 107 molec

cm−3 (Weber et al., 1997). Ultrafine particles with a diameter of <60 nm are continuously

present in the atmosphere (Kulmala et al., 2007). As the only known atmospheric source
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of sulfuric acid gas is SO2 oxidation by ·OH radicals, the sulfuric acid gas concentration

will be very low during the nighttime events, so the sulfate measured during FCE 7.1 and

11.2 will primarily be due to ultrafine particles; the sulfate measured during FCE 11.3

will have a much greater contribution from H2SO4 gas.

The downwind δ34S was lower than at the upwind station in all three cloud events,

although the difference is not significant during the two nighttime events. No ·OH was

measured in the cloud or at night (Whalley et al., 2012), and only very low concentra-

tions at the valley sites in the daytime, so the change in isotopic composition is due to

removal, rather than production, of gas-phase sulfuric acid. Isotopic fractionation during

removal in the cloud could be influenced both by diffusion and by condensation and vapour

pressure. Using Equation 5.6, the diffusion-dependent fractionation factor for gas-phase

sulfuric acid is αdiff = 0.995. This is the opposite direction to the observed fractionation,

showing diffusion is not the limiting factor for loss. The vapour pressure for many analo-

gous compounds is increased with a heavy isotope substitution, for example, deuterated

methanol vapour pressure effects produce fractionation of 1.007 (Hopfner, 1969; Borowitz

and Klein, 1971), however the effect has not been measured for sulfuric acid. The mag-

nitude of the isotope effect is expected to be lower for ultrafine sulfate particles, as the

relative mass difference from an isotopic substitution is less important.

It is not possible to quantitatively examine the isotopic composition as there is no

relevant value of f . Calculating αcloud would require separate values of f for sulfuric

acid gas and for different size bins of ultrafine particulate, to account for the predicted

dependence of isotopic fractionation on molecule/cluster size. Removal from one size bin

could also result in addition to a larger size bin through condensation or coagulation, which

would complicate the calculation further. The results can therefore only be examined

qualitatively. The ratio of sulfuric acid gas to ultrafine particulate is much lower in

the nighttime events than in the daytime, which explains why there is no significant

change in the isotopic composition between the upwind and downwind stations in the

two nighttime events and a large change in the daytime event. The observed isotope

fractionation in sulfuric acid and ultrafine particles is consistent with condensation and

coagulation removal to cloud droplets, controlled by vapour pressure and not by diffusion.

5.3.4 Isotopic fractionation during oxidation of SO2 gas to sul-

fate

The upwind δ34S of H2SO4 is higher than the δ34S of SO2 in all cloud events, whereas

during NC 1 H2SO4 is isotopically lighter than SO2 by 5.2±1.3‰. Evidence of air parcel
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mixing was seen in the SO2 isotopic composition for NC 1 (Section 5.3.2), thus the lighter

H2SO4 compared to SO2 in NC 1 can be attributed to recent mixing. The differences

in the cloud events are 7.2±2.2‰, 61.7±4.2‰ and 31.0±4.7‰ for FCE 7.1, 11.2 and

11.3 respectively. The fractionation factor for gas-phase production of sulfuric acid from

oxidation of SO2 by ·OH radicals is 1.0089±0.0007 at 0◦C (Section 2.4.2), which agrees

with the SO2-H2SO4 fractionation for FCE 7.1 but has a much smaller magnitude than

for FCE 11.2 and 11.3. There is no known gas-phase production pathway for H2SO4 other

than SO2 oxidation by ·OH radicals.

The difference between the observed δ34S of H2SO4-SO2 and the expected difference

from fractionation during gas-phase SO2 oxidation in FCE 11.2 and 11.3 could be due to a

number of processes, such as passage through clouds before the measurement site affecting

the gas-phase sulfur isotopic composition, Rayleigh fractionation during oxidation of SO2,

or addition of fresh SO2 to the air mass shortly prior to reaching the sample site. Passage

through clouds prior to the sampling site will haved removed almost all sulfate and the

majority of SO2, resulting in strong isotopic fractionation of the residual fractions. The

effect of previous clouds and of recent addition of SO2 depends on the dominant sources

and reactions and cannot be easily predicted. The most likely explanation, considering

that gas-phase oxidation fits the isotopic composition in FCE 7.1 but not FCE 11.2 and

11.3, is that the air parcels in FCE 11.2 and 11.3 had recently passed through SO2 source

regions (the ‘black triangle’, see Figure 5.1), unlike the FCE 7.1 air parcel. Isotopic

composition of anthropogenic SO2 in these areas ranges from -5 to 10‰ (Krouse et al.,

1991; Jedrysek et al., 2002; Jezierski et al., 2006; Derda et al., 2007), thus it would reduce

the δ34S of SO2 from the expected values relative to sulfuric acid gas, resulting in the

larger-than-expected observed differences between the two gases. Thus, although gas-

phase sulfuric acid will have been produced by ·OH oxidation of SO2 in all cases, the

expected isotope fractionation between SO2 and H2SO4 is only seen in FCE 7.1 due to

recent addition of light sulfur in all other cases.

5.3.5 Isotopic composition of particulate sulfate

Sulfate is added to particles as they pass through the cloud: SO2 is oxidised to sul-

fate in cloud droplets and added to the nucleating residual particles following evapora-

tion, SO2 may also be oxidised on the surface of interstitial particles, and sulfuric acid

gas and ultrafine particulate may collide and coagulate with interstitial particles and

cloud droplets. The change in the sulfur isotopic composition of particulate after passage

through the cloud shows which sulfate sources dominate sulfate addition in the different
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particle classes. This is very important to determine the effect of cloud processing on

aerosol radiative forcing, as the sulfate sources and the sensitivity of radiative effects are

not evenly distributed across all particles (see Section 5.1). The δ34S of the sulfate that

would be added from each source was calculated from the upwind isotopic composition of

SO2 or H2SO4. For SO2 removal, the fractionation factors for SO2 oxidation from Chap-

ters 2 and 4 were used with the Rayleigh fractionation laws to account for depletion of the

SO2 reservoir (Mariotti et al., 1981; Krouse and Grinenko, 1991). The δ34S values of the

sulfate that would be added by each source are shown in Table 5.3, and will be compared

to the isotopic changes observed in the particulate sulfate in the following sections, to

determine the dominant process adding sulfate to each particle class and the amount of

sulfate that must have been added to the particles to achieve isotope mass balance. The

average composition of particulate matter from AMS measurements, shown in Figure 5.6,

will be compared to the results obtained from the isotopic measurements.

Table 5.3: δ34S values (‰) of the potential sources of sulfate that could be

contributed to particles during their passage through an orographic cloud:

SO2 oxidation in the aqueous phase observed during the cloud (αcloud), by H2O2 (αH2O2)

and by transition metal catalysis (αTMcat), SO2 oxidation on the surface of Sahara dust

with no aqueous phase (ie. on interstitial particles; αsurf), and condensation/coagulation

of sulfuric acid gas and freshly nucleated particles (αcond).

Source FCE 7.1 FCE 11.2 FCE 11.3

SO2 ox, αcloud 56.8±7.2 -22.4±4.0 5.6±2.1

SO2 ox, αH2O2 40.9±1.9 1.5±3.2 24.2±1.4

SO2 ox, αTMcat 22.4±1.9 -16.3±3.2 6.0±1.4

SO2 ox, αsurf 39.0±1.3 -0.4±1.1 22.3±1.1

H2SO4, αcond 37.3±5.0 54.8±5.6 44.8±4.5

δ34S of particulate sulfate in the non-cloud event

Only fine particulate was measured for the non-cloud event, and only mixed droplets

were found to have high enough S counts in the NanoSIMS for δ34S measurements. The

change in isotopic composition compared to possible sources of sulfate is shown in Figure

5.7b. Oxidation of SO2 by H2O2 and condensation of H2SO4 are most likely both adding

sulfate to the particles between the upwind and downwind stations; both of these sources

would cause the observed enrichment in isotopic composition. The strong enrichment in
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Figure 5.6: Composition of particulate matter at Schmücke from AMS mea-

surements. Cloud droplet residual compositions are shown for fine (<500 nm) and

coarse (>500 nm) fractions for FCE 11.2 and 11.3. The full measurement range is ∼60

nm to 1000 nm. The particulate sulfate concentration in µg m−3 and the percentage of

particulate accounted for by sulfate is shown under each chart.
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34S shows that, despite the absence of a hill cap cloud, the surface sulfate concentration

increased by >90% during the short time span of 25 minutes in the daytime.

Mixing of free tropospheric air contributes SO2 during this event, however as ·OH

concentrations are low in the free troposphere, sulfuric acid and ultrafine particulate are

unlikely to be directly added and would instead only be produced in significant quantities

once the air reached the boundary layer (Thornton et al., 1996). H2O2 and O3 are often

enriched in free tropospheric air (Bower et al., 1997; Liu and Seidl, 1998; Suhre et al., 2000)

and could both be contributing to oxidation. SEM analysis of this filter showed that the

mixed droplets contained high levels of inorganic compounds, and combined with the back

trajectory which has fairly recently passed over the ocean this suggests the particles may

also have relatively high alkalinity, facilitating oxidation by O3. Sulfate produced from

SO2 oxidation by H2O2 or O3 cannot be distinguished with sulfur isotope fractionation

(Section 2.4.1), and measurements of ∆17O would be need to confirm a role of O3 in

sulfate production (Savarino et al., 2000). The particulate isotopic composition from the

non-cloud event shows that even in the absence of cloud, mixing of SO2 and oxidant-rich

free tropospheric air results in significant processing of particles by sulfate addition, from

both condensing sulfuric acid and ultrafine particulate and in-situ oxidation of SO2.

Mixed droplets and coated soot particles

Mixed droplets consist of secondary organic aerosol mixed with salt, and are the most

numerous particles which take up significant sulfate in the cloud. Mixed droplets and

coated soot particles >1 µm in diameter were only present on the cloud droplet residue

filters; in the interstitial and at the valley sites these two types of particles were always

<1 µm in size. Thus, size-resolved results are only presented for cloud droplet residual

particles. The δ34S of mixed droplets increased as the particles passed through the cloud

in both FCE 11.2 and 11.3 (Figure 5.7c). The increase in δ34S was significantly greater

for fine than coarse mixed droplets during FCE 11.2, and slightly greater for fine mixed

droplets during FCE 11.3. The sulfate fraction and the absolute amount of sulfate in

the particulate was not significantly different depending on size (Figure 5.6), so relatively

more sulfate was added to fine mixed droplets than to coarse mixed droplets.

The only sulfate source that could enrich fine mixed droplets in 34S during FCE 11.2

is condensing sulfuric acid and coagulation of ultrafine particles; the latter will dominate

as the event is at nighttime so the gas phase sulfuric acid concentration will be very low

(Weber et al., 1997). If this is the only source of sulfate to the particles, the surface

sulfate must increase by 40% to account for the change in isotopic composition. This
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Figure 5.7: Isotopic composition of particles measured during HCCT 2010:

a) legend, b) non-cloud event NC 1. From cloud events 11.2 and 11.3: c) mixed droplets (= SOA +

salt), d) fine mineral dust, e) coarse mineral dust. Mixed droplets are shown in red and mineral dust in

orange. In ‘c) Mixed droplets’ for FCE 11.3 sulfur was also measured in coated soot particles, and these

are shown in grey. Solid lines show the isotopic composition of sulfate that could added to particles in the

cloud from different sources according to the legend in a). Pale points show measurements for individual

grains and dark points with error bars show the mean and the 1σ error. Dashed lines follow from upwind

to in-cloud to downwind particles and show the change in δ34S due to cloud processing; fine dashes with

circle symbols show fine particulate and long dashes with cross symbols show coarse particulate.
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represents a minimum sulfate addition as any other sulfate sources would change the

isotopic composition in the opposite direction, requiring a larger addition from condensing

H2SO4. During FCE 11.3 the increase in δ34S could be due to either condensation of

H2SO4 or in-situ oxidation of SO2 by H2O2. Surface sulfate on mixed droplets increased

by between 23 and 72% in this event. The concentration of H2O2 measured during FCE

11.3 was much higher than during FCE 11.2 (7.4 and 2.9 µM in cloud water respectively),

explaining why sulfate addition from H2O2 oxidation of SO2 (g) is more important during

FCE 11.3 than FCE 11.2.

Mixed droplets on the coarse filter become slightly isotopically lighter as they pass

through the cloud in FCE 11.2 (by -0.9±11.5‰) and heavier in FCE 11.3 (by +7.5±4.3‰)

(Figure 5.7c). In both cases, this shows sulfate is being added to the particles from

oxidation of SO2 by H2O2 in the cloud droplets. This in-cloud reaction increases the

surface sulfate by 10% and 100% in FCE 11.2 and 11.3 respectively, although for FCE

11.2 this value is quite uncertain, and for FCE 11.3 the addition could be lower if some

sulfate was also added from H2SO4 (as low as 25% if all sulfate is from H2SO4). There was

no significant change in H2O2 concentration with cloud droplet size seen in the different

impactor stages of the cloud water collector.

Overall, H2O2 oxidation is more important in mixed droplets in the daytime due to

higher H2O2 concentrations, but there is also variation due to particle size: H2SO4 and

ultrafine particle condensation are more important for adding sulfate to smaller mixed

droplets due to their higher surface area to volume ratio, while for larger mixed droplets

the greater volume of aqueous phase means aqueous oxidation of SO2 by H2O2 is com-

paratively more important. Comparison to AMS results showed that condensation and

coagulation add more sulfate to fine particulate, relative to the initial amount of sulfate,

than in-situ oxidation is able to add to coarse particulate. Thus, condensation and coag-

ulation play a more important role than SO2 oxidation in modifying the composition and

size distribution of aerosol during passage through a cloud.

Soot particles with a coating only had a significant amount of sulfate on the coarse

filter of FCE 11.3, the daytime event. The change in δ34S shows the surface sulfate

was increased by between 47 and 190% due to in-cloud sulfate production by condensing

H2SO4 and ultrafine particulate and by H2O2 oxidation of SO2, respectively. The change

is not significantly different to what was seen in mixed droplets, thus the soot core does

not influence the reaction, which proceeds in the coating as it would in a droplet. In FCE

11.2, the majority of coated soot remained in the interstitial phase. Activation to cloud

droplets depended on the amount of soluble material (coating) associated with the soot
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(Sinha et al., 2012a). In FCE 11.3 is appears that condensation of H2SO4 (g) during the

daytime increases the hygroscopicity of the coated soot particles, facilitating activation

and further sulfate addition through oxidation of SO2 by H2O2. Similar behaviour was

seen for fine mineral dust, discussed in the following section. Despite the significant effect

H2O2 oxidation of SO2 has had on the coarse mixed droplet and coated soot particles, the

direction of isotopic change shows it is not the most important reaction for SO2 removal

in the cloud.

Comparing the cloud droplet residual and interstitial values with the downwind δ34S

can provide an estimate of i) sulfate addition to the interstitial particles during passage

through the cloud, and ii) the proportion of sulfur in the interstitial phase compared to

CCN-active particles. Sulfate can be added to interstitial particles from surface oxidation

reactions, and from condensing and coagulating sulfuric acid and ultrafine particulate.

Sulfate addition from these pathways would significantly alter the isotopic composition of

the interstitial particles. This is not observed, hence sulfate mass addition to interstitial

particles during passage through the cloud appears to be minor. The isotopic compositions

in-cloud and downwind are not significantly different for the daytime or the nighttime

event, whereas the interstitial δ34S is lower, thus very little mixed-droplet sulfur was

present in the interstitial phase. This shows efficient activation of sulfate-containing

mixed droplets, consistent with the results from SEM analysis (Sinha et al., 2012a) and

with AMS results.

Mineral dust

During FCE 11.2, no mineral dust was found on the cloud droplet residual fine filter,

so it is likely that fine mineral dust was unable to act as a cloud condensation nucleus

due to its hydrophobic nature (Kaaden et al., 2009). During FCE 11.3, single particle

scanning electron microscopy showed that 70%-80% of mineral dust particles in the 400-

1000 nm size range acted as a cloud condensation nucleus (Sinha et al., 2012a). Based

on the decrease in δ34S downwind as interstitial and cloud droplet residual particles are

re-mixed, we estimate ∼30% of the sulfur in fine mineral dust remains in the interstitial

phase as it passes through the cloud in the daytime, in contrast to all fine mineral dust

sulfur being in the interstitial phase at night, which agrees well with the SEM observations.

Two pathways could add sulfate to interstitial aerosol: condensation of sulfuric acid gas

and coagulation of ultrafine particulate, and surface oxidation of SO2. In FCE 11.2

oxidation directly on the dust surface would produce sulfate with an isotopic composition

of δ34S = -0.4±1.1‰, which is significantly lower than the δ34S of the sulfate in the
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dust (8.9±4.0‰), while condensation of sulfuric acid would produce very heavy sulfate

(δ34S = 54.8±5.6‰). In FCE 11.3 surface oxidation and condensation would both produce

sulfate that is significantly heavier (δ34S = 22.3±1.1 and 44.8±4.5‰ respectively) than the

interstitial aerosol (δ34S = 4.4±8.3‰). In both FCE 11.2 and 11.3, there is no significant

difference in δ34S between the upwind and interstitial particles (Figure 5.7d), thus no

significant sulfate is added to fine-filter mineral dust as it passes through the cloud as

interstitial aerosol.

In contrast, there is a large change in the δ34S of sulfate in cloud droplet residual and

downwind fine mineral dust in the daytime event FCE 11.3 (Figure 5.7d). The fine dust

was able to act as CCN in this event, and the change to such high δ34S values shows the

importance of condensing sulfuric acid gas on to the cloud droplet for sulfate addition to

fine mineral dust. The surface sulfate in these particles increased by >200%. [H2SO4]

(g) is much higher in the daytime than at night because it is produced by ·OH radicals,

which explains why condensation is unimportant in FCE 11.2. Thus, higher sulfuric acid

concentrations in the daytime leads to sulfate addition on to fine mineral dust, increasing

its hygroscopicity. This in turn increases its CCN activity, facilitating further uptake of

H2SO4 (g) due to the higher surface area of a cloud droplet compared to the surface area

of the particle serving as CCN.

During both FCE 11.2 and 11.3 the δ34S of mineral dust on the coarse filter decreases

as it passes through the cloud, by -8.9±8.5‰ and -16.3±4.0‰ respectively (Figure 5.7e).

This can only be accounted for by sulfate addition from oxidation of SO2 by transition

metal catalysis; oxidation by H2O2 in FCE 11.2 would require an increase in sulfate of

>400% and in FCE 11.3 no other source could add such isotopically light sulfate. SO2

oxidation by transition metal catalysis increases the surface sulfate on the coarse mineral

dust particles by >40-60% in both events. Considering both the number of particles found

as droplet residue and on the interstitial filters, and the downwind isotopic composition,

in both events the majority of sulfate addition to coarse mode mineral dust takes place

inside cloud droplets and not in the interstitial phase. Coarse mineral dust is the only

particle type where sulfate addition introduces an isotopic fractionation consistent with

the major SO2 removal process, i.e., causing the residual SO2 to be enriched in 34S. Thus,

oxidation by the transition metal ion catalysis pathway in cloud droplets formed on coarse

mineral dust particles dominates SO2 uptake and oxidation in the measured events.
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5.4 Discussion

5.4.1 The sulfur cycle in orographic clouds at Schmücke

The sulfur cycle observed during the HCCT campaign was complex, with different reac-

tions responsible for adding sulfate to the different classes of particulate as they passed

through the cloud. The sulfur cycles during the three cloud events are summarised in

Figure 5.8. SO2 gas became significantly enriched in 34S following passage through the

cloud in one nighttime event (FCE 11.2) and one daytime event (11.3), whereas during

the other nighttime event (FCE 7.1), SO2 gas became depleted in 34S. Transition metal

catalysis is the only known in-cloud oxidation pathway to favour the light isotope, thus

the observations show that during FCE 11.2 and 11.3 the dominant SO2 removal process

was oxidation by transition metal ions, while during FCE 7.1 it was oxidation by H2O2.

Examining the isotopic changes in the particulate sulfur during FCE 11.2 and 11.3

provided further insight into in-cloud SO2 oxidation and cloud processing of the particle

spectrum. Fine and coarse mixed droplets showed a shift in the dominant sulfate source

added in the cloud from condensing H2SO4 to H2O2 oxidation with increasing size, which

was related to surface area to volume ratio rather than size-dependent changes in H2O2

concentration; in the daytime H2O2 oxidation was overall more important than at night

due to higher daytime H2O2 concentrations. The same behaviour was seen in coarse

coated soot particles in FCE 11.3. Fine mineral dust particles were able to act as CCN

in the daytime as they had taken up H2SO4 (g) before the cloud, and as they passed

through the cloud the increased surface area following activation lead to further H2SO4

(g) uptake, increasing hygroscopicity and thus facilitating CCN activity in subsequent

clouds. At night they were unable to act as CCN and did not gain sulfur between the

upwind and downwind stations. Although the surface sulfur in activated mixed droplets,

coated soot and fine mineral dust increased by 40 to >200% as they passed through the

cloud, the direction of the observed isotopic changes meant that none of these particle

classes could account for the dominant loss of SO2 (g).

In contrast, coarse mineral dust became enriched in 32S as it passed through the cloud,

consistent with isotope fractionation during SO2 removal. Transition metal ions from

mineral dust leachate cause very fast oxidation of SO2 (Tilly et al. 1991; Rani et al. 1992,

Chapter 4), so the observation that the major SO2 removal pathway occurs on mineral

dust rather than on the other particle types supports the hypothesis that transition metal

catalysis is the major SO2 oxidation pathway in the cloud. The efficiency of oxidation

by this pathway means that, despite the relatively low number concentration of these
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Figure 5.8: Summary of the sulfur cycle occurring in clouds during three mea-

surements periods at Schmücke during the HCCT campaign. The thickness of the

arrows shows the relative strength of the flux. The particulate sulfur isotopic composition

was not measured for FCE 7.1 due to equipment problems.
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particles compared to, for example, mixed droplets, they are able to account for the

majority of in-cloud SO2 oxidation at Schmücke.

Physical and chemical parameters measured during the cloud events were investigated

to explain the different oxidation regimes in FCE 11.2 and 11.3 compared to FCE 7.1.

FCE 11.2 and 11.3 had a higher liquid water content than FCE 7.1 (0.14 g m−3 for

FCE 7.1 compared to 0.37 and 0.32 g m−3 for FCE 11.2 and 11.3 respectively), while

temperature, wind direction, and other meteorological parameters were similar. The SO2

concentration was higher in FCE 11.2 and 11.3 than FCE 7.1, and the back trajectories

in the former two events showed more recent contact with pollution sources. Physical

parameters describing the particles such as number concentration, volume and surface

area density, and mean size were measured with FSSP and did not differ greatly between

the three events. Chemical parameters which show some significant variation between

the three events are shown in Figure 5.9. The nitrate content of particulate was much

higher in FCE 7.1 than FCE 11.2 and 11.3 (Figure 5.6), however cloud water pH did not

vary significantly, thus pH is not shown in Figure 5.9 although several sulfate production

pathways are strongly pH dependent (Section 3.1). Organic compounds such as oxalate

can complex with transition metals, reducing their efficiency as catalysts for SO2 oxidation

(Zuo and Zhan, 2005). The bulk organic concentration was similar in all three events,

and the air parcels passed over the same area of forest directly preceeding the events,

so there is no evidence that this affected the sulfur cycle at HCCT. The only chemical

parameter which is significantly different for FCE 7.1 compared to FCE 11.2 and 11.3 is

the particulate NH3. An increase in particulate NH3 could buffer cloud droplets, allowing

more oxidation by O3. However, as discussed in Section 5.3.2, the observed steady removal

rate of SO2 means it is very unlikely that O3 is significantly contributing to SO2 oxidation.

Thus, the only physical and chemical parameters that may be able to explain the differing

oxidation regimes are the liquid water content and the back trajectory.

The transition metal ion concentrations measured during the three events, shown in

Figure 5.10, can provide further insight into the different oxidation regimes. There are

some noticeable differences in the transition metal ion concentrations between the three

events. Ni, Mn and Cu decrease in concentration in the order FCE 7.1 > FCE 11.2 >

FCE 11.3. The relative concentration of Fe compared to Ni, Cu and Mn is quite different

in FCE 7.1 compared to FCE 11.2 and 11.3, suggesting that the transition metal ions

have a different source in FCE 7.1. This is most likely related to the lower liquid water

content in FCE 7.1, which will have caused certain particle classes not to activate in this

event. In FCE 11.2, the concentration of Fe2+ decreases strongly in the first hour. This
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Figure 5.9: Concentrations of various compounds measured during HCCT 2010.

NH3, NH4, Ca and Mg were measured in the particulate phase at the upwind station with

MARGA, H2O2 was measured in cloud water by fluorospectrophotometry, ‘org’ is the

organic particulate phase measured by AMS and [SO4]i/[SO4]uw is the ratio of the sulfate

concentration in the interstitial phase at Schmücke to the total upwind particulate sulfate,

measured with MARGA.

is consistent with SO2 oxidation: Tilly et al. (1991) observed that during SO2 oxidation,

Fe2+ is completely oxidised in the initial stages of the reaction, following which the SO2

oxidation rate greatly increases. [Fe2+] is low in FCE 7.1 and below the detection limit

during FCE 11.3. During FCE 11.2 and 11.3, [Fe3+] is initially high and decreases through

the event, but this behaviour is not seen in FCE 7.1. This is consistent with Fe3+ being

strongly involved in the SO2 oxidation reaction in FCE 11.2 and 11.3 but not in FCE

7.1. Unfortunately, the concentrations of other transition metals such as Cr and V, which

can participate in SO2 oxidation and even at very low concentrations increase the rate

of oxidation in mixtures so that it is much greater than the sum of the individual rates

(Tilly et al. 1991; Rani et al. 1992, Chapter 4), were not measured during HCCT.

Strong interactions between different transition metals greatly increase the SO2 oxi-

dation rate (Tilly et al. 1991; Rani et al. 1992, Chapter 4), which means that the suite of

transition metals present, rather than the concentrations of individual major species, de-
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termines the SO2 oxidation rate in cloud droplets. In FCE 11.2 and 11.3 transition metals

derived from mineral dust provided a TMI mixture that could strongly oxidise SO2, which

is evident from both the δ34S observations and the measurements of [Fe2+] and [Fe3+].

During FCE 7.1 coarse mineral dust was not the major TMI source. Unprocessed mineral

dust is very hydrophobic (Kaaden et al., 2009), and fine mineral dust was not able to

be activated in FCE 11.2, so the low liquid water content in FCE 7.1 is the most likely

cause for the differing oxidation regimes. This is consistent with results of Kasper-Giebl

et al. (2000), which showed that the scavenging efficiency of aerosol sulfate increases with

liquid water content until ∼0.3 g m−3, thus in FCE 11.2 and 11.3 the large majority of

aerosol sulfate would be activated while in FCE 7.1 activation would be selective.

In summary, high liquid water content in FCE 11.2 and 11.3 meant mineral dust

particles were activated to cloud droplets, and they released transition metal ions to form

a solution that efficiently oxidised SO2. In FCE 7.1 these particles were not activated

due to low liquid water content, and the suite of transition metal ions present from other

sources was not able to oxidise SO2 with the same high efficiency, meaning that oxidation

by H2O2 was the major SO2 removal pathway.
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5.4.2 Comparison to previous studies

The isotopic measurements made during the HCCT campaign showed that in two of three

measured cloud events, transition metal-catalysed oxidation was the most important path-

way for in-cloud SO2 removal. This result is unexpected, as previous measurements and

models have predicted H2O2 to be the most important in-cloud oxidant for SO2 during

orographic cloud experiments (eg. Bower et al. 1997; Bradbury et al. 1999; Suhre et al.

2000). Although Bradbury et al. (1999) found good agreement between observations and

model results which predicted a dominance of H2O2 oxidation, SO2 was completely oxi-

dised thus the model results were not sensitive to the identity and rate of the dominant

oxidation pathway. A number of similar studies have not been able to recreate the ob-

served sulfur cycle in cloud experiments: Hegg et al. (2004) consistently underpredicted

sulfate production compared to observations during the CARMA-1 study with a model

that only considered oxidation by H2O2 and O3, and Redington et al. (2009) required

a fixed cloud water pH of 5.8 to match model results and observations, which is much

higher than typical pH measurements (Laj et al., 1997a; Kreidenweis et al., 2003). These

results suggest a pH-independent oxidation pathway - such as transition metal-catalysed

oxidation (Seinfeld and Pandis, 1998) - is missing from or underestimated in models.

The rate of the transition metal-catalysed oxidation pathway is not well-characterised

as it depends strongly on the combination of transition metals present and interactions

between the different species (Tilly et al., 1991; Rani et al., 1992). The concentrations of

transition metal ions measured in the cloud water during HCCT were not particularly high

(see Herrmann et al. (2000) and references therein), and the presence of mineral dust in

air masses is common, so the dominance of transition metal-catalysed oxidation observed

in this study could be widespread among clouds with sufficiently high liquid water content

to activate mineral dust. The reactive uptake coefficient γobs for SO2 uptake and oxidation

by different pathways in the cloud can be estimated according to (Jayne et al., 1990):

γobs =
4Fg
c̄A

∆n

n
(5.8)

Fg is the carrier gas flow rate (cm2 s−1), c̄ is the mean thermal velocity (cm s−1;
√

3kBT
m

),

A is the total droplet surface area (cm2) and ∆n
n

is the reduction in gas concentration.

To adapt this equation to the observations during HCCT, the cloud was conceptualised

as a flow reactor: the wind speed was the flow rate, the droplet surface area for different

droplets types was estimated from the number concentration and the mean droplet radius

for the event, and the maximum value of γobs was calculated as if SO2 oxidation was only

occurring on the particle type of interest. The values of γobs are shown in Table 5.4.
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The gas phase diffusion rates and accommodation coefficients for SO2 in both oxi-

dation reactions will be the same, thus the values show that at HCCT the rate of SO2

oxidation by transition metal ion catalysis in cloud droplets formed on coarse mineral

dust was >4000 times faster than oxidation by H2O2 on mixed droplets. During FCE

11.2, transition metal catalysed oxidation was so efficient that the reactive uptake coef-

ficient was equal to the accommodation coefficient, i.e. all SO2 being taken up by the

particle was oxidised before it could repartition into the gas phase. In the commonly-used

cloud chemistry regime of Sander et al. (1995), the transition metal-catalysed oxidation

pathway is approximated by iron-catalysed oxidation. The rate of reaction of Fe3+ with

HSO−
3 is >1000 times slower than the reaction of H2O2 with HSO−

3 in the model, with

the exact ratio depending on pH. Thus, compared to our results, approximating the tran-

sition metal-catalysed oxidation pathway with the iron-catalysed pathway results in an

underestimation of the rate of transition metal iron-catalysed oxidation by >>1000 times.

This is consistent with laboratory studies considering the relative rates: Tilly et al. (1991)

and Rani et al. (1992) observed strong synergistic effects on the rate of SO2 oxidation

in mixtures of transition metal ions, and in Section 4.4.1, the rate of SO2 oxidation in

mineral dust leachate was observed to be >100 times faster than in pure Fe salt solution.

Measurements of δ34S from previous studies can provide an estimate of the importance

of transition metal catalysed oxidation to compare with the rate of the reaction estimated

in this study (Table 5.5). A number of studies have measured the δ34S of SO2 and sulfate

simultaneously in the environment, and the average measured difference in δ34S between

SO2 and product sulfate is -0.3±2.2‰ in rural environments (Mayer et al., 1995; Saltzman

et al., 1983) and 4.6±2.5‰ in urban environments (Krouse et al., 1991; Torfs et al., 1997;

Novak et al., 2001). No studies at coastal sites were considered in this analysis. Sofen

et al. (2011) modelled the partitioning between SO2 oxidation pathways for the pre-

industrial period, and these values were used to calculate a baseline difference between

δ34S of SO2 and sulfate to compare with measurements, as shown in Table 5.5. This

comparison shows that the model underestimates transition metal catalysed oxidation by

1% in urban and 58% in rural environments, and suggests the pathway is significantly

more important in rural than in urban environments. This is consistent with the large

underestimation in modelled rates of transition metal-catalysed oxidation compared to

the rate seen during the rural measurements at HCCT. The underestimation may be less

important in the urban environment where mineral dust contributes a smaller proportion

of the total transition metal ions (Kumar et al., 2010) and concentrations of O3 and H2O2

are much higher. The comparison can only provide as estimate of the importance of the
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Table 5.5: Increase in transition metal catalysed oxidation of SO2 from global

baseline industrial-period model (Sofen et al., 2011) required to account for

measured differences in δ34S of SO2 gas and product sulfate in urban and rural

environments.

Sofen et al. (2011) Urban Rural

f (OH) 0.27 0.27 0.08

f (H2O2) 0.5 0.5 0.15

f (O3) 0.05 0.05 0.015

f (O2, TMI-catalysed) 0.18 0.18 0.76

δ34SSO4 − δ34SSO2 , model (‰) 4.7 4.6 -0.3

δ34SSO4 − δ34SSO2 , measurements (‰) 4.6±2.5 -0.3±2.2

Increase in TMI pathway - 1% 58%

various pathways as the measurements are not seasonally and globally representative; the

results are most relevant to the USA and Europe where the majority of the measurements

were made.

Alexander et al. (2009) and Sofen et al. (2011) have recently shown from ∆17O mea-

surements and model results that transition metal-catalysed oxidation of SO2 is of global

importance, in agreement with the results of the present study. However, although these

studies found that an increased rate of transition metal-catalysed oxidation was able to

improve modelling of SO2 concentrations, particularly in continental Europe, it resulted

in a strong overprediction of atmospheric sulfate concentrations (Alexander et al., 2009;

Barrie et al., 2001). The results of this study show that sulfate formed by transition metal-

catalysed oxidation is concentrated on coarse aerosols, which would result in relatively

fast removal of the sulfate from the atmosphere, meaning that transition metal-catalysed

oxidation of SO2 could indeed explain discrepancies between modelled and observed con-

centrations of SO2 and sulfate.

The results of this study have important implications for the role of in-cloud sulfate

production in the modification of the aerosol size distribution. When H2O2 is the dominant

oxidant for SO2, sulfate mass from SO2 oxidation is modelled to be added early in the

cloud, as H2O2 is quickly exhausted (Bower and Choularton, 1993; Bower et al., 1997).

This means the sulfate mass is added primarily to the most CCN-active particles which

are activated earliest in the cloud, and a high degree of supersaturation is needed early

in the cloud to have a significant effect on the smallest, least efficient CCN (Bower et al.,

1997). In contrast, transition metal-catalysed oxidation will proceed throughout the cloud,
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consistent with the observed SO2 concentrations (see Section 5.3.1). Thus, SO2 oxidation

is able to add sulfate mass to particles throughout the cloud: it is not only important

for those particles activated earliest in the cloud. The particulate isotope measurements

show, however, that condensation of H2SO4 gas and coagulation of ultrafine particulate

is the dominant process adding sulfate mass to the smallest and least hygroscopic CCN

- the fine mineral dust particles and fine mixed droplets. Therefore, condensation and

coagulation of H2SO4 gas and ultrafine particulate in the cloud, rather than SO2 oxidation,

is the most important in-cloud sulfate addition process for modifying CCN activity and

thus determining the strength of the indirect aerosol effect, while both pathways can be

important, depending on the upwind aerosol population, in affecting the magnitude of

direct aerosol cooling.

5.5 Conclusions

This study measured the isotopic composition of SO2 and H2SO4 gas and sulfate in par-

ticulate as an air parcel passed through an orographic cloud. Unexpectedly, the most

important in-cloud oxidation pathway for SO2 was transition metal catalysis, which is

isotopically distinctive as it favours the light isotope in the product sulfate (Section 4.4.2).

SO2 oxidation by transition metal catalysis was most important for in-cloud sulfate addi-

tion to coarse mineral dust particles, meaning that the sulfate produced from in-cloud SO2

oxidation will be removed relatively quickly from the atmosphere. Uptake of gas-phase

sulfate and ultrafine particulate were the dominant processes affecting fine mixed droplets

and fine mineral dust particles, which were the least efficient CCN present. Thus, gas-

phase sulfate is the most important in-cloud sulfate source for determining the downwind

CCN number concentration and consequently the magnitude of indirect aerosol radiative

forcing. The results demonstrate the potential of sulfur isotope measurements for investi-

gating SO2 oxidation, particularly when single-particle isotope ratios are measured in the

NanoSIMS. Incorporating the findings of this study into models will result in a much more

accurate depiction of both the continental sulfur cycle and the effect of cloud processing

on direct and indirect radiative forcing.
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Chapter 6

Conclusion: Main findings and

outlook

The aim of this thesis was to measure isotopic fractionation during the major oxidation

pathways of SO2, in order to improve understanding of sulfate formation and the atmo-

spheric sulfur cycle. In Chapter 2, the fractionation factors for the major atmospheric

oxidation pathways were presented. Fractionation in the aqueous phase by H2O2 and O3

agreed well with previous results for the uptake of SO2 in solution. These were the first

results to consider the role of the terminating oxidant, and show that the terminating

oxidation step does not significantly affect the isotopic fractionation. The fractionation

factors for oxidation in the gas phase by ·OH radicals and in the aqueous phase by a

radical chain reaction initiated by Fe3+, which have not previously been measured, are

now well-constrained. The radical chain reaction is the only pathway to produce sulfate

depleted in 34S compared to the reactant SO2, thus sulfur isotopes will be particularly

useful to constrain the importance of this pathway.

In the third chapter, SO2 oxidation in the marine boundary layer was examined. No

study has previously considered sulfur isotope fractionation factors for marine boundary

layer reactions. The pH dependence of isotopic fractionation was measured, which allowed

the fractionation factors for each individual step of the reaction SO2 (g) →→ SO2−
3 (aq)

to be determined. Measurements of isotopic fractionation factors for the major marine

boundary layer oxidation pathways showed that sulfur isotopes are especially suited to

distinguish between oxidation by O3 and ·Cl catalysis, which only occur at high pH and

are therefore limited by sea salt aerosol alkalinity, and oxidation by transition metal

catalysis or hypohalous acids, which occur relatively independently of pH, as the former

two pathways favour the heavy and the latter two the light isotope. Sulfur isotopes are
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therefore ideal to quantify partitioning between alkalinity-limited and non-limited SO2

oxidation pathways, which is critical to accurately model the extent and climatic effects

of sulfate production in the marine boundary layer.

The oxidation of SO2 on mineral dust was investigated in Chapter 4. Experiments

considering oxidation in mineral dust leachate showed that isotopic fractionation during

the transition metal catalysis pathway was the same for a complex mixture of transition

metals as for the pure Fe solution tested in Chapter 2. However, oxidation in the leachate

solution was several orders of magnitude faster than in the pure Fe solution. Oxidation on

the mineral dust surface was examined with a multivariate analysis model and the results

showed isotopic fractionation depended primarily on the mineral assemblage and not

significantly on the experimental conditions. Overall, oxidation on the dust surface favours

the heavy isotope, while oxidation in leachate favours the light isotope, thus sulfur isotope

measurements will be very useful to distinguish between these oxidation mechanisms in

the ambient environment. Although the aqueous pathway dominates overall, the surface

oxidation pathway could have a significant regional impact on both climate and iron

bioavailability, as high humidity is rarely encountered close to dust source regions.

The final chapter of this thesis describes the results of the Hill Cap Cloud Thuringia

Campaign. The fractionation factors measured in the laboratory were used to understand

the sulfur cycle as an air parcel passed through an orographic cloud. The results, which

are the first field measurements using sulfur isotope fractionation to understand oxidation

pathways, showed an unexpected dominance of the transition metal-catalysed oxidation

pathway. This suggests the global importance of this pathway is far greater than currently

accepted. The sulfate produced by this pathway was seen to be concentrated on coarse

mineral dust particles, thus it will have a relatively small climate impact and be removed

quickly from the atmosphere. An increased importance of this pathway would thus explain

the tendency of models to strongly overpredict SO2 while only weakly underpredicting

sulfate concentrations.

Although SO2 oxidation is thought to account for the mass majority of sulfate addition

in clouds, the results from HCCT showed that oxidation adds sulfate primarily to large

particles, which have a greater volume for reaction. Condensation and coagulation of gas-

phase sulfate and ultrafine particulate are the primary sulfate sources to small particles,

which have a greater surface area to volume ratio. Condensation and coagulation, and

not in-situ SO2 oxidation, will therefore dominate the climatic effect of cloud processing.

The fractionation factors presented in this thesis allow sulfur isotope measurements to

be used to investigate SO2 oxidation and sulfate production in the ambient environment.
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The results from the HCCT campaign illustrate the level of information that can be gained

from isotopic measurements. However, sulfur isotopes cannot be used to distinguish

between, for example, oxidation by H2O2 and by O3. Simultaneous measurements of

both sulfur (δ34S) and oxygen (∆17O) in future studies, in combination with isotopic

modelling, may be able to provide a quantitative view of the whole sulfur cycle. A

number of laboratory questions also remain. The influence of ionic strength, and of other

chemical species such as nitrate, on isotopic fractionation is unknown. The mechanism

of isotopic fractionation during oxidation on the mineral dust surface also remains open:

studies considering oxidation on pure single minerals, and on other major dust types such

as China Loess, would help to answer this question. The results of this thesis show the

potential of sulfur isotope fractionation to improve our understanding of atmospheric SO2

oxidation, and illustrate the importance of further field, laboratory, and modelling studies

in this area.
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